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THE COMPARATIVE BIOLOGY 
OF 
FLUTTERING SHEARWATER AND HUTTON'S SHEARWATER 
AND THEIR 
RELATIONSHIP TO OTHER SHEARWATER SPECIES 
by 
Graham Wragg 
The discovery and taxonomic history of fluttering 
shearwater (Puffinus gavia (Forster) and Hutton's shearwater 
(Puffinus huttoni Mathews) are reviewed. Taxonomic theory, 
where appropriate to this thesis, is discussed. The 
external morphology of ~. gavia and ~. huttoni is compared. 
No single external measurement or plumage character 
separates more than 60% of birds examined. The best system 
of identification is to compare the ratio of different body 
parts within an individual bird. 
The distribution of P. gavia and P. huttoni is 
compared. Hutton's shearwater feeds further out to sea and 
it is believed to be a migrant species wintering in north 
west Australian waters. The fluttering shearwater is 
believed to be a semi-migrant species with only the 
juveniles spending time in south east Australia. 
The red cell enzymes of P. gavia, P. huttoni and P. 
griseus are compared. There are differences in two esterase 
loci between gavia and huttoni, while ~. griseus is more 
distantly related. Nei's genetic identity values are 
calculated. 
discussed. 
The systematic value of electrophoretic data is 
The relationship of an undescribed subfossil shearwater 
to ~. gavia and P. huttoni is discussed. An outgroup 
analysis to other shearwater species is carried out 
according to phylogenetic (cladistic) theory. The 
subfossil shearwater is most closely related to the 
fluttering shearwater, and these two form a sister group to 
Hutton's shearwater. These three species are a sister group 
of ~. opisthomelas. The relationship between the many P. 
assimilis subspecies, the black-backed Manx shearwaters, and 
the gavia, huttoni and opisthomelas group was not resolved. 
Puffinus nativitatis is more closely related to the Manx and 
the little shearwaters than to the P. griseus, P. 
tenuirostris group. 
"The Manx and fluttering shearwaters and their allies 
present a challenge to any naturalist who seeks to 
unravel their relationships. Populations separated 
by great distance closely resemble each other, while 
others living in close proximity - such as Hutton's 
and fluttering shearwater - contrast strongly in 
dimensions, plumage, or breeding season". 
,. -~, - _. 
Sir Charles Fleming (1982) 
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CHAPTER ONE 
GENERAL INTRODUCTION 
The Procellariiformes (albatross and petrel group) are 
seabirds whose size ranges over nearly three orders of 
magnitude (Warham, 1977). The fossil record of this group 
extends over 50 million years (Harrison, ~.~.) and 
its present distribution covers all major oceans and seas of 
the world. 
...'- ; .. -.,-< ,.; 
In this thesis I discuss the phylogenetic relationships 
, 
of shearwaters in the genus Puffinus. This genus comprises 
a group of small to medium-sized, burrow-nesting petrels 
distinguished from other Procellariiformes by their long 
slender bill, bevelled nasal tubes separated by a thick 
~'--'.:.. .. 
septum, laterally compressed tarsus, flattened humerus 
shaft, forward pointing keel and long processus rotularis. 
All the larger species are transequatorial migrants. 
The New Zealand region contains a great diversity of 
shearwater species (Kinsky et ~., 1970). The southern 
oceans have been home to a major radiation of the ancient 
procellariiform stock (Kuroda, 1954; Harper,. 1978). 
2 
The aims of this research project were to: 
:-.. - •• ,"0., " ." "".' _. " .-. '. ~ 
1 • Elucidate the relationship between fluttering 
shearwater (Puffinus gavia (Forster)) and Hutton's 
shearwater (Puffinus huttoni Mathews) in order to clarify 
their taxonomic position, and hopefully get an insight into 
evolution, which I define as 'genealogical descent with 
modification' (Wiley, 1981). 
2. Analyse, using comparati ve osteology, the . ' . . - , . ; - ~'. ~ . ; -,.", .. :" . '-~ 
relationship of these two species to an undescribed 
sub-fossil shearwater f~om north-western South Island, New 
Zealand. 
3. Perform, using comparative osteology, a 
phylogenetic outgroup comparison of fluttering, Hutton's and 
the sub-fossil shearwater to nearly all other shearwater 
species in the world. 
To achieve the first objective, I carried out 
preliminary investigations into external morphology, 
distribution, biochemistry and osteology. The results from 
.:.:f,-':;-:-:-::-C:-: 1;-. >---'~'.-.-' 
t 1-'.-.' '.~ " ;,'.~. ''',' -.- ':. 
these different approaches are discussed at the end of each . ~. -" . 
section, then in the final chapter they are drawn together 
to discover areas of conflict and agreement~ This many 
pronged approach to systematics is considered to produce the 
most concise and consistent results (Kuroda, 1954). I also 
attempted to find criteria for distinguishing fluttering 
3. 
shearwater from Hutton's shearwater, based on external 
measurements, plumage and bone structure. 
Comparative biochemistry involved the preliminary 
analysis of 10 red cell enzymes by starch gel 
electrophoreses. The results were analysed phenetically by 
the use of Nei's genetic identity values. Genetic identity 
values among the shearwaters in this study were then 
compared to other animal groups and the use of 
electrophoretic data, for taxonomic purposes, is discussed. 
Comparative ostsology was used to elucidate 
phylogenetic relationships within the shearwaters, and data 
was analysed from a cladistic point of view. Taxonomic 
theory is discussed where relevant to this study and the 
last chapter contains a summary and the conclusions. 
I 
I 
I· 
. - -. _. 
: : : F ~_, .-~_ 
.' :'.=-'~ .-,' 
4. 
CHAPTER TWO 
LITERATURE REVIEW 
2.1 Discovery 
Or Johann Reinhold Forster described the fluttering 
shearwater from a specimen obtained in Queen Charlotte Sound 
during Cook's second voyage of 1773 (Forster, 1844). 
Unfortunately this medium-sized, gregarious, long-billed 
seabird was ~ot includ~d amqngst drawings made during the 
voyage by George Forster (Johann's son). Most of Forster's 
I 
species descriptions and field notes were not published 
until 1844, 46 years after his death. This delay was due to 
a long-standing dispute with the British Government. 
Henrico Lichtenstein was the final collator and editor of 
these important manuscripts. 
The fluttering shearwater was initially thought to be a 
Southern Hemisphere population of the black-vented 
shearwater (Puffinus opisthomelas Coues) of California and 
it wasn't until about 1870 that Hutton attached Forster's 
gavia name to the fluttering shearwater (Hutton, 1871). 
Initially very little was known about the biology of 
this common coastal shearwater but pUblications by Buller 
(1873, 1882, 1888), Reischek (1885), Sandager (1889) and 
,. 
.>. ~ ,' ••. :-:-: ....•• , •.. -.~ :j-.: 
: .<-:.;."'..: . .: •• -...... ".-
>~;;:;-::;~:;~;~::::::~:::~:::.:: 
."":-:.--:«. :-;.:-:.-:.:.~.:.'< 
5. 
Falla (1934) provided information on basic distribution, - -,. _ .... ' ......... '-_ .. ' .. ~ .. 
breeding ecology, plumage patterns and size. Mathews 
(1912b) described a new sUbspecies 'huttoni' of the 
fluttering shearwater, and gave it the common name of Snares 
brown-backed petrel. This description was based on a 
specimen in the Rothschild Museum, collected by Travers 
and/or Dannefaerd in January 1890, and labeled in 
Oannefaerd's handwriting as 'locality Snares'. This 
After some initial confusion over the identity of 
Hutton's shearwater (~eB ne~t chapter), the situation was 
partly resolved by Serventy when he collected two specimens 
at sea off South Australia and published a detailed 
description of them (Serventy, 1939a; 1941). He concluded 
that huttoni was a valid and distinctive subspecies of the 
fluttering shearwater. 
The first specimen answering to the huttoni description 
that was found in New Zealand had been sent to the Dominion 
Museum in the mid 1930s by Mr A.S. Wilkinson, who had 
recognised its distinctiveness from the usual form of gavia 
(Clark and Fleming, 1948). During the.1950s and early 1960s 
Hutton's shearwaters were seen at sea and fQund dead washed 
up on the beaches. These records were from Banks Peninsula, 
up the east coast of the South Island and on to the west 
coast of the North Island, as far as Northlahd. 
6. 
In 1965, a major breeding colony of Hutton's shearwater 
',Or '-',.:.1;:.",:'-;.:<-;.>.'. ,;. 
was discovered in the sub-alpine vegetation of the Upper 
!.~:.:..: :;':":;.:;;:~~;!:':-"~~;:'-;J 
!.- ',- . ',.". . ,~ .. ;- . - .• 
Kowhai river, Seaward Kaikoura mountains (Harrow, 1965). 
There had been earlier reports of muttonbirds breeding in 
the Kaikoura mountains (Harrow, 1976; Wragg, 1984; Appendix 
One). 
The fluttering shearwater has been found around all 
coasts of New Zealand and is common in the northern half of 
the South Island and whole of the North Island (Figure 13). 
Durihg a long-term survey of seabirds in the vicinity of 
;"" ,,- "',I'""" : 
Sydney, Hindwood (19~2) found the fluttering shearwater to 
be present in considerable numbers between early July and 
mid September. They were still aboJt, but not so common, 
until the third week of November. None were seen at sea 
after this date, though a few dead birds were found. 
During a study of seabird ecology in mid northern New South 
Wales, Holmes (1977) found that fluttering shearwaters were 
least abundant from January to May, but the greatest 
mortality occurred in January and February immediately 
following the December-January fledging period in New 
Zealand. The majority of the dead birds were considered to 
be juveniles, because of their fresh plumage. 
--~,-~-,,"':-.~.-: 
In contrast to the south eastern coast distribution of 
fluttering shearwaters, Hutton's shearwater is found in low 
numbers almost equally around all coasts of Australia. The 
only record of significant numbers is from the north western 
7. 
coast of Western Australia in July and August (Halse, 1981). 
All Australian breeding season records (7 reports of 
individual birds) are confined to the southern half of 
Australia which points to a southern distribution of the few 
Hutton's shearwaters that remain in Australian waters over 
summer. The winter records of Hutton's shearwater in 
Australia are more numerous than the breeding season records 
(Figure 15) and are mainly associated with northern 
Australian waters. This distribution suggests a winter 
feeding area in the Timor Sea and/or the Eastern Indian 
ocean. 
Warham (1981) postulated a counter-clockwise circum-
navigation migration pattern of Australia for Hutton's 
shearwater. Shuntov (in Warham, 1981) reported that from 
June to September, 1965-70, small sized, white-bellied 
shearwaters were common over the continental shelf off north 
western Australia. These were probably Hutton's shearwaters 
on'their winter feeding grounds. 
2.2 Shearwater Taxonomy 
From 1860 to 1950 a dispute appeared in the literature 
over the validity of J.R. Forster's gavia name, and to which I···· ---
seabird species Forster's gavia referred. This argument 
centered around which name had precedence as the valid name 
of the fluttering shearwater. See Appendix II for a 
detailed annotated bibliography. 
8. 
Mathews (1912a) introduced a new species name, 
reinholdia, for the fluttering shearwater. He also 
introduced the names, huttoni (Mathews, 1912b) to cover a 
large darker form, and byroni (Mathews, 1913) to cover a 
small dark-backed form of the fluttering shearwater. No 
breeding colonies of byroni (Mathews, 1913) have been found 
(Hindwood, 1942; Norris, 1965) and the birds best fitting 
Mathew's description are newly fledged fluttering 
shearwaters from New Zealand which spend the first one or 
two years of their life in eastern Australian waters 
(Holmes, 1977). The name reinholdia was only accepted by a 
minority of the ornithological community, but the close 
relationship between the fluttering shearwater and Hutton's 
shearwater became generally accepted. The taxonomic 
disputes were effectively resolved by Mathew's death and the 
realisation by other taxonomists that it was futile to try 
to change established names without a very compelling 
reason. In the last 40 years the emphasis in taxonomy has 
sHifted from debates about precedence and type specimen 
designations, towards problems of phylogenetic relationships 
and biogeography. 
Mayaud published two papers (1932; 1934) on the 
comparative morphology of some Atlantic and Mediterranean 
shearwaters. He considered Calonectris diomedia (Scopoli) 
as separable from all the other shearwater species he 
studied, and grouped together Puffinus gravis (O'Reilly), 
9. 
Puffinus griseus (Gmelin), Puffinus puffinus (Brunnich), and 
Puffinus assimilis baroli (Bonaparte). He stressed the 
utility of the pelvic character, which he considered to be 
the least variable and most reliable taxonomic criterion he 
studied in the group. 
Murphy (1952) grouped the following 8 taxa together as 
subspecies of the Manx shearwater: puffinus, mauretanicus, 
yelkouan, gavia, huttoni, newelli, auricularis, and 
opisthomelas. Thi,s made the Manx shearwater, Puffinus 
puffinus, a species of worldwide distribution. He noted 
that the geneticdfffsrence ,between black and brQwn hues in 
feathers is small. Murphy split this subspecies group into 
, I 
the black-backed races (puffinus typ~; which included E.E 
puffinus, Puffinus auricularis auricularis Townsend, and 
Puffinus auricularis newelli Henshaw) and the brown-backed 
races (gavia type; which included Puffinus puffinus 
mauretanicus Lowe, Puffinus puffinus yelkouan (Acerbi), P. 
gavia, P. huttoni and Puffinus opisthomelas). 
Kuroda (1954) published a major study of shearater 
relationships. In a phylogenetic approach to the problem, 
some characters were identified as 'retained' and were not 
used for grouping taxa. Non-adaptive characters were 
considered primary for working out relationsh~ps. Such 
characters included the spina externa, scapula shape, skull 
shape and notches in the rear of the sternum. For the Manx 
shearwater group, Kuroda followed Murphy (1952) and did not 
, 
i 
10. 
work with any skeletal material. The groups and subgroups 
he developed for the shearwaters have been adopted by 
Jouanin and Mougin (1979) at the subgenus level. 
Bourne (1962) in a revision of the Manx shearwaters, 
distinguished three groups: 
1. puffinus group - black above, white below, long 
winged northern forms, i.e., pwffinus, yelkouan, newelli and 
auricularis. 
2. opisthomelaagroup - brown above, variable below, 
long winged, disperses north in late summer, i.e., 
opisthomelas and mauretanicus. 
3. gavia group - brown and black above, variable below 
southern hemisphere residents with fluttering flight, i.e., 
gavia and huttoni. 
Bourne favoured treating all the taxa as subspecies of 
the Manx shearwater due to: the many characters that they 
shared; the continuous variation in these characters; and 
the allopatric breeding distribution of the subspecies. 
Kinsky ~~. (1970) raised huttoni to full species 
status and kept byroni as a possible subspecies of the 
fluttering shearwater. 
I 
.'-'':--'. ," .. - " .. -.-........ . 
, ',"-":'" _.'.'.<':0 
-, .' -", '. ~ 
11. 
In 1983 the American Ornithological Union (Haley, 1984) 
changed the status of the three North Pacific members of the 
Manx group. The Black-vented shearwater and Townsend's 
shearwater were given full species status and Newell's 
shearwater was made a subspecies of Townsend's shearwater. 
The new designations are: 
P. opisthomelas 
P. auricularis auricularis 
P. auricularis newelli 
2.3 Taxonomic Theory 
,, 2 • 3 • 1 Allometric Growth Patterrs 
The disproportionate increase in size of 
individual body parts, in relation to the rest of the 
individual, is most easily observed during the juvenile 
growth stage. One allometric growth pattern amenable to 
functional interpretation (Gould, 1966) is the high relative 
bill growth gradient, in hatching to 8 day growth of the 
house wren. A high specific growth rate early in life is 
necessary for an organ, which, while possibly 
disadvantageous to the bird when in the egg, must reach 
useful proportions rapidly during a brief nest life. This 
is an example of ontogenetic allometry, i.e., changes in 
body proportions during the growth of an individual. The 
other form of allometry is observed when comparing members 
:'~ ~ c' .'-'- . - . '.-, 
",. 
·oy--->c-· ... • 
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of a population, or taxon, at the same growth stage (usually 
the adult). This is intra or inter/specific allometry and 
is used in this study. 
If three species fall along the same allometric 
growth curve, then the three distinct shapes observed are 
all subservient to the only taxonomic difference, which is 
size change. Size change in itself being a vital (and in 
the above situation the only) taxonomic criterion for 
separation of the groups (Gould, 1966). 
:~ ~- ; ••• _. __ • _ J' 
Measurements of different body parts are 
transformed to their logarithmic equivalents. The resulting 
, , 
logarithms are subjected to (linear) regression analysis 
with the independent variable being some aspect of overall 
size. Taxa can be identified if they deviate from general 
growth trends, or if their slopes, i.e., the b value in the 
regression equation, differ from each other. This would 
show that the same parts in different groups were growing at 
different rates. 
- if b (slope) > 1, then the dependent 
variable y, is growing faster 
than the independent one, x, 
i.e., positive allometry. 
- if b = 1, then the growth of x and y 
are in balance, i.e., isometry. 
13. 
- if b < 1, then y is growing slower than x, 
i.e., negative allometry. 
If the slopes of the groups being compared are 
approximately equal, then any major differences in 'a' (the 
y axis interception point) will be of taxonomic 
significance. This difference will show on a two 
dimmensional logarithmic plot as regression lines 
horizontally or vertically separated from each other. 
2.3.2 Phylogenetic Theory 
The distribution of characters (among species) 
provides potential tests of relationship (Hennig 1966; Mayr, 
1969). A character shared by all three taxa is consistent 
with any of the four to seven possible ways these taxa could 
be related. A character unique to a single species, i.e., 
autapomorphy, is informative about the uniqueness of that 
lineage but can tell us nothing about the exact 
relationships amongst the taxa in question. 
Characters, like taxa, have particular times of 
origin and are used to define and test monophyletic groups. 
A monophyletic group (sensu Hennig) is defined as a group of 
species that includes an ancestral species (known or 
hypothesised) and all its descendants. The species included 
in the group are (by definition) descended from a common 
ancestor and the group must include all descendants of that 
14. 
ancestor. Monophyletic groups are defined by the exclusive 
use of synapomorphies, i.e. shared derived characters, and a 
properly defined phylogenetic tree would produce a nested 
set of monophyletic groups, whose boundaries would not 
overlap. Every character arises at some point in the 
phylogenetic tree of life, and hence every character is 
potentially useful (as a synapomorphy) for defining a 
monophyletic group. 
The true phylogeny for any given set of organisms will 
never be known. This problem is bypassed by realising that 
potential synapomoip~ic characters can be used to erect 
hypotheses of phylogenetic relationship. These hypotheses 
are tested each time a potential synapomorphic character is 
added to the phylogenetic tree. This process reflects the 
idea that truth is approached by testing and retesting in a 
system of reciprocal illumination (also see Popper, 1968; 
Wiley, 1975; 1981). 
15. 
CHAPTER THREE 
COMPARATIVE MORPHOLOGY AND DISTRIBUTION OF 
FLUTTERING SHEARWATER AND HUTTON'S SHEARWATER 
3.1 External Morphology 
Differences in external measurements and plumage of 
live birds, beach wrecks and museum study skins, have in the 
past been the major methods of distinguishing fluttering 
shearwater from HuttQn's shearwater. To test their 
usefulness for species identification, birds were analysed 
from the following populations: 
(i) The Poor Knight's Islands (Figure 1), a northern 
population of fluttering shearwater. 
(ii) Moturipa Island (Figure 2), an eastern 
popUlation of fluttering shearwater. 
(iii) Long Island (Figure 3), a southern population of 
fluttering shearwater, members of this population were 
measured three times during the breeding season: ~ ~ .. ". 0 i--'-'-o-
August pre-egg laying 
November egg hatching 
February fledging 
~ . ( , " l,,; J . .:. 
',',' " 
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FIGURE 1 Fluttering shearwater sampling sites, 
N 
Aorangi Island, Poor Knights Group, New Zealand. 
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Fluttering shearwater sampling site, Moturipa Island, 
East Coast, North Island, New Zealand. 
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FIGURE 3 Fluttering shearwater 
on the northern tip of 
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FIGURE 4 Hutton's shearwater colonies in the Kaikoura Mountains. 
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This allowed plumage (length) characters that are variable 
over the annual cycle to be checked. ..' .. ,.---_ .. - .... --: 
(iv) Hutton's shearwaters were measured at the Upper 
Kowhai river colony (Figure 4), the only major breeding 
colony presently known (Harrow, 1976). 
3. 1 • 1 External Measurements 
In the past, a major restriction to an analysis 
of fl~ttering and Hutton's shearwaters, has been the lack of 
defining character~.that positively ascribe individual birds 
to either of the two species. In this section data from .' " 
colony captured birds are analysed in an attempt to define 
such characters. All measurements were made by the author 
using Mitutoya® calipers, and shearwaters were sexed using 
the method of Serventy (1956). 
Results 
(a) Bill Length: 
I measured bill length along the dorsal 
mid-line, from the edge of the feathers at the base of the 
culmen to the most distant part of the curve of the hook. 
Bill length shows a gradual increase in the fluttering 
shearwater from north to south (Figure 5). This cline IS 
consistent with Bergmann's rule, which states that the 
24 
30 
21. 
FIGURE 5 B111 length (MIn., Max., Mean) of th~ee populatIons 
of flutte~lng shea~wate~ and one populatlon 
of Hutton's shea~wate~. 
POOR KNIGHTS (n=13) 
HOTURIPA I. (n=40) 
LONG I. (0=52) 
K./TTON'S SHEARWATER (0=40) )4*---------l---~}( 
26 28 30 32 36 38 40 
FIGURE 6 Ta~sus length (MIn., Max., Mean) of th~ee populatlons 
of flutte~ln9 shea~wate~ and one populatIon 
of Hutton's shea~wate~. 
POOR KNIGHTS (0=13) )4 t( 
HOTURIPA I. (0=40) )4 t( 
LONG I. (0=52) )4 t( 
I-lJTTON'S St£ARt.lATER (0=40) )( 
32 34 38 42 48 
KEY: FLUTTERING Sl£ARWATER 
I MEAN 
HUTTON'S SHEARWATER 
x MINIMUM AND MAXIMUM MEASUREMENTS 
620 
160 
KEY: 
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FIGURE 7 WIng span (MIn., Max., Mean) of two populatIons 
of flutterIng shearwater and one populatIon 
of Hutton's shearwater. 
HOTURlPA 1. (Sep+> )f K 
(0=40) 
LONG 1. (Aug) ). K 
(0=52) 
LONG 1. (Nov) )f K 
(0=50) 
LONG 1. (Feb) )f K 
(0=57> 
HUTTON '5 SHEARWATER (Dec> )( )( 
(n=40) 
640 660 680 700 720 7-40 760 780 800 (-) 
FIGURE 8 WIng length (MIn .• Max., Mean) of three populatIons 
of flutterIng shearwater and one populatIon 
of Hutton's shearwater. 
POOR KNIGHTS (Dec) )f K 
(n"13) 
H011JRlPA I. (Sept) )f K 
(0=40) 
LONG 1. (Aug) )f K 
(n=52) 
LONG I. (Nov) )f K 
(n=SO) 
LONG I. (Feb) )f K 
(n .. S7> 
HUTTON'S SHEARWATER <Dec) )( )( 
(na40) 
170 180 190 200 210 220 230 2-40 (l'1l'i) 
FLUTTERING 9£ARWATER HUTTON'S SHEARWATER 
MEAN x 11 INI MUtt AND MAX I MUtt t1EASlJID1ENTS 
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colder the climate then the larger the body size in warm 
blooded animals. The longest recorded fluttering shearwater 
bill is 37.4 mm (Kinsky and Fowler, 1973). Bill length can 
only separate the two species as follows: 
> 3B mm = Hutton's shearwater 
< 31 mm = fluttering shearwater 
(b) Tarsus Length: 
Tarsus length was measured from the middle of 
the ~id-tarsal joint to the distal end of the 
tasometatarsus. A~a~t .from the unexpectedly long tarsi 
found in the Moturipa Island fluttering shearwater 
population, tarsus length shows an (ncrease from north to 
south (Figure 6). The two shearwater species show a major 
overlap in their tarsal measurements, making this character 
unsuitable for species separation. 
(c) Wing Span: 
Wing span was measured from wing-tip to wing-tip 
while the wings were held fully outstretched. Fluttering 
shearwaters showed a large variation in wing span, both 
between different populations and at different times of the 
year in the same population (Figure 7). This variation may 
be due to: 
measurement error; 
. :-"~. ~.-~ -, .. -';,..:.,; .. - .. 
~{t~{:.~:~~~~~;:~~~~~~~ 
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genetic differences between populations; 
plumage wear; 
uneven population sampling due to changes in 
the presence of different sex and or age 
classes at the colony site; these changes 
may be dictated by phase of the moon 
(Whitehouse, 1979) or the period during the 
breeding cycle, (Serventy et ~., 
1971 ) . 
The Moturipa Island population has the largest 
mean wing span of the fluttering shearwater groups sampled 
(see also tarsus length). Wing span can only separate the 
two shearwater species as follows: 
> 750 mm = Hutton's shearwater 
< 720 mm = fluttering shearwater 
(d) Wing Length: 
Wing length was measured as a straightened and 
flattened chord. As might be expected the variation between 
populations of fluttering shearwater in wing length (Figure 
8) is strongly correlated with the variation found in wing 
span in the same populations. The Moturipa Island 
fluttering shearwaters are larger than expected (as with 
tarsus and wing span measurements). The most surprising 
result is the increase in wing length between August and 
November in the Long Island population (also see wing span). 
.. ~ ,-. -' . .:: -~.-. -.-
,T, ',_ • _._ - ~ _ • ~ • 
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A decrease was expected due to plumage wear over the Ie' ~-. _ '-"_:_.~-.;;"'_'.,'- ••.• ·,w: 
!:~¥:~~;?;'Ai~~'j~ 
intervening 3 months. The major cause of the increase in 
wing length is probably uneven population sampling (i.e., 
males and females showed significant differences in some 
external measurements - see Appendix IV). Wing length can 
only separate the two species as follows: 
> 228 mm = Hutton's shearwater 
< 212 mm = fluttering shearwater 
( e) T a.i I Len g t h : 
Tail length was .measured as the exposed portion 
of the central tail feathers. Little difference was found 
between Moturipa Island and Long Island fluttering 
shearwaters. Hutton's shearwaters had slightly longer tails 
(6% longer) but, due to major measurement overlap (see 
Appendix 3), tail length cannot be used to separate the two 
species. 
(f) Head Plus Bill Length: 
Head plus bill length was measured along the 
midline from the proximal end of the skull to the distal tip 
of the bill. Little difference was found between Moturipa 
Island and Long Island fluttering shearwaters (see Appendix 
3). Hutton's shearwaters had a slightly longer mean head 
plus bill length (3%) but again because of major overlap 
this character cannot be used to separate the two species. 
26. 
Discussion 
Both Robinson (1973) and Tarburton (1981a) 
concluded that, except in extremes, measurements are not 
satisfactory in separating fluttering from Hutton's 
shearwater. The results reported above endorse that view. 
One observation from the comparative osteology section (see 
p.88 ) when applied to the field identification of 
fluttering and Hutton's shearwaters, does improve the 
certainty of separation of the two species. Rather than 
take a single measurement and compare it to the known size 
range of the.two species, as all previous attempts have 
done, it is more useful to look at the ratio of body parts 
within an individual. Usi~g the ratio of body parts such as 
bill length to.head length, or leg length to wing length, 
removes the dominating influence of overall size on the 
data. This procedure avoids the difficulty of confusing 
large fluttering shearwaters with small Hutton's 
shearwaters. 
The best criterion for separating the two 
shearwater species is the ratio of bill length to bill plus 
head length. The ratio of tarsus length to wing span was 
also useful. 
The first of these criteria separated the birds 
with 80% accuracy. When plotted against each other in a 
': ~_:; :~:~ :~:~ ~~~--,~:~ :~~~~~: ~~::) ~ 
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scatter diagram (Figure 9) a near-total separation was 
effected. 
When birds are found dead, i.e., on the beach, 
the most reliable identification (95%+ success) is made by 
extracting leg and wing bones, (i.e., radius and 
tibiotarsus) and comparing these by eye, 
radius (> 4 mm) longer than tibiotarsus shaft 
= P. huttoni. 
radius equ~l (± 3 mm) to tibiotarsus shaft 
= P. gavia. 
3.1.2 Plumage Colouration 
As with external measurements, no ~ plumage 
ch~racter separates fluttering from Hutton's shearwater (see 
Table 1). Identification of individuals (of either species) 
on plumage colouration alone cannot be achieved with 
absolute certainty. Plumage characters vary throughout the 
year, depending on the stage of wear of the plumage. 
Fluttering shearwater's upper parts can appear slatey blue 
soon after fledging (Hull, 1916) or mid brown just before 
moult (~. obs.). However, if a combination of plumage 
characters is taken a reasonably accurate identification can 
be made; certainty is greatly helped by having 
".:'>"~~~:~~'-«" .. " ... <- ~-~: 
~ ~ : .. ,: .:-:~:.:~ '.:~:-:-'---:. "," ;.:.:; 
~:.,: :,:~:::.:~~:~.::.: ~:.:f. ;;:~:: ;~'.;:.:: 
'~'.'" :.:<-":'>~ .-.' ..... >,~<--, 
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TABLE 1 Plumage characters that aid the identification 
of fluttering and Hutton's shearwaters. 
Character Fluttering shearwater Hutton's shearwater 
Upper parts Blackish-brown; Dark, blackish-brown. 
tail, primaries and 
secondaries darker. 
Under parts White; White; 
no definite boundary upper-parts coloration 
between brown upper extends further into 
parts and under parts. white under parts, some-
times joining under neck 
Under Mainly white; Variable between; 
wing coverts A few birds show smudgy - pure white (especially 
markings (like huttoni) in first year birds) 
on inner under wing. - smudgy grey on inner 
under wing (normal) 
- darkish all over in a 
few cases. 
, I 
Under Mainly white; Mainly white; 
tail coverts a few birds (5%) show most birds (90% ) show at 
huttoni type dark markings least 1 lateral under 
'on outer half of lateral tail coverts with dark 
under tail coverts. on outer half. 
Long Brown grey; Dark brown; 
axillaries square ended, usually round ended', rarely 
white tipped, short (don't white tipped. Long 
reach trailing edge of wingL (usually reach trailing 
. edge of wing) . 
Greater Brown; Dark brown; 
upper 90% of birds show white 20% of birds show white 
wing coverts tipped feathers. tipped feathers. 
Upper Brown; Dark brown; 
tail coverts 50% of birds show white 10% of birds show white 
tipped feathers. tipped feathers. 
Note: All percentages are approximations made from the examination 
of one hundred live Hutton's shearwaters and 300 live 
fluttering shearwaters. 
Information for this table was also obtained from: 
Robinson (1973) 
Kinsky and Fowler (1973) 
Harrow (1976) 
Tarburton (1981b) 
Imber (~ conun.) 
- . 
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representative study skins of each species present. 
Sight records of fluttering or Hutton's 
shearwater should be based on underwing colouration, and 
flight pattern; the longer winged Hutton's shearwater has a 
more gliding flight pattern (Bartle ~. ~.; Jenkins, 
pers. ~.). Sightings should also be based on more than 
one bird and be made in good light with good visibility of 
the underwing colouration. 
Robinson (1973) pointed out that sight-records 
based only on colour of upper parts are unacceptable because 
specimens show that in October and November gavia is a 
• I 
brownish bird while huttoni is dark; by the end of January 
and early February there can be dark gavia and brown huttoni 
and by May both can be darkish birds. Such variation 
presents too much overlap for this feature to be of any use 
for certain identification. 
3.1.3 Moult 
Data from the Poor Knights (Dec.) and Long I. 
(Feb.) show that the moulting sequence of fluttering 
shearwater begins with contour feathers, closely followed by 
tail-coverts and greater upper wing-coverts. Next, are the 
inner primaries and their coverts (which moult 
simultaneously). During the moult of the middle primaries, 
the middle secondaries begin to moult, (occasionally the 
~ >~ .. c; -.:~_ ;.~ ..••• ) 
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outer secondaries moult first). Usually the last feathers 
.--,-~:.".'-.-' ...... ".- ,'. '.--~-~ 
to moult are the innermost secondaries (tertials) and the 
,":: I~' ;-:~;'~'. - .~~-;-. _,:. '_ -, :.' .~.', 
.;::!~: ~;.~~: i. ;:.:~:.~ :~: -:.. ;. :.,~~-
tai 1. 
The moult sequence in shearwaters usually takes 
from two to three months, and is begun soon after breeding 
in late summer and autumn. This pattern was assumed for the 
fluttering shearwater until Robinson (1973) recorded birds 
in body and wing moult during early November. These were 
collected in South Australia and he postulated that they 
were immature birds moulting four to five months ahead of 
the adults in New Zealand. 
Records of the 13 mature fluttering shearwaters 
handled on the Poor Knights, show that during 6-11 December 
1982 they were all in a state of advanced contour moult with 
some moulting inner primaries, middle secondaries, greater 
wing-coverts and tail. This is the earliest recorded 
moulting of fluttering shearwaters in New Zealand waters, 
and coincided with chick hatching in the Poor Knights 
population. 
This Poor Knights moult record contrasts with 
the similar moult stage reached during 1-3 February 1983 in ,'=----=- ':"-.=-- .. :.:. -
fluttering shearwaters from the Long Island population. 
Moult in northern populations of the fluttering shearwater 
may,therefor~ begin as early as late October, two months 
ahead of the southern populations. Little is known about 
32. 
the moult of Hutton's shearwater. No records exist of 
moulting during the breeding season, but Robinson (1973) 
recorded an immature bird from Australian waters showing the 
first stages of contour moult on the 13 February, 1971. 
Imber (~ comm.) postulated an extended moult, with some 
individuals starting in early February and others not 
beginning until mid March. The February moulting birds are 
presumed to be non or failed breeders and those in March to 
be breeding birds. 
One feature, not previously reported, is a high 
correlation (p < 0.01.) in stage of moult in the members of a 
pair (Table 2). During 1-3 February, 1983, 54 fluttering 
. , 
shearwaters from Long Island were analysed for the stage of 
their moult sequence; the correlation value r was calculated 
based on the number of new primaries for each member of the 
15 known pairs; the minimum number of new primaries was one 
and the maximum was eight. 
TABLE 2 
Pair No. 
Male 
Female 
Correlation in stage of moult between members 
of pairs of fluttering shearwater, Long I., 
Feb. 1983. (Data represents the number of new 
primaries). 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
2 2 3 3 3 2 4 4 3 357 368 
2 2 3 3 3 3 324 4 6 3 6 5 8 
;.; 
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3.2 Distribution 
3.2.1 Breeding Colonies 
The fluttering shearwater breeds along the 
northeast coast of the North Island from the Three Kings Is 
to Motuheka I (Figure 10). Breeding colonies have also 
existed on Little Barrier I. (Reischek, 18B5) and Whale I. 
(Buller, 1888), but both have now disappeared (Imber, pers 
comm.). Breeding colonies are also found in the Marlborough 
Sounds region of the South Island (Figure 11) and Harper 
(pers comm.). found· ~.' gavia eggs on 'The Haystack' (Chetwode 
Is.) in September 1958. All breeding colonies (except the 
I I 
Thre~ Kings) are within 40 km of the New Zealand mainland 
and inside the 100 fathom line. No breeding colonies have 
been found in New Caledonia (Millener ~. comm.) or the 
New Hebrides, as reported in Mayr (1945) and Delacour 
(1966). Hindwood (1942), Norris (1965) and Holmes (1977) 
record the fluttering shearwater as a regular visitor to 
coastal New South Wales but no known breeding colonies exist 
in Australian waters. 
Hutton's shearwater only breeds in the Seaward 
Kaikoura mountains (Harrow, 1976). Active colonies were 
also present in the Inland Kaikoura mountains as late as the 
beginning of this century (see Appendix One, Wragg (1984) 
and Figure 4). 
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"4r -.-----___ Three Kings Is. (Falla, 1934) 
FIGURE 10 
Simmonds I. (Wagener, 1966) 
(Adams, 1971) 
_---- Doubtless Bay Is. (Falla, 1934) 
_____ Motuharakeke I. (Sibson, 1953) 
:i.~,~ .. ::::::---Motutakupu I. (Adams, 1969) 
Te Anaputa I. (Adams, 1969) 
Motukawanui I. (Crockett, 1975) 
• __ Poor Knights Is . 
• 
(Falla, 1934) 
__ ----Bream I. (Falla, 1934) 
... _~ __ --Marotiri Is. (Reischek, 1885) 
, . • Hen and Chicken Is. (Buller, 1888) 
': _ Mokohinau Is. (Sandager, 1889) 
, I' Saddle I. !tfI.- Clo se I. 
.r- Channel I. 
(Falla, 1934) 
(Bellingham et al., 1982) 
(falla, 1934) 
,_Mercury Is. (Falla, 1934) 
,. 
'-Little Ohena I. (Blackburn, 1970) 
__ The Aldermen Is. (Falla, 1934) 
~ Slipper I. (Falla, 1934) 
• 
--------Karewa I. (Buller, 1888) 
_--- plate I. (Falla, 1934) 
I. (Imber, pers. comm.) 
I. (Buller,-1888)--
East I. 
_ Motuahiauru 
_ Moturipa I. 
----Motuheka I. 
(Moors, 1980) 
I.~ (Bell & Blackburn, 
) 1960) 
100 Km 
Fluttering shearwater colonies, North Island, 
New Zealand 
'c. : 
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I 10 Km I 
KEY 
1 Rahuinui I. 10 Bird I. 
2 Nclsonls Honument 11 Nth tip of Motuara I. 
3 Nth tip of Stephens I. 12 Kokmohua I. 
4 Anatakupu I. 13 Nth. tip of Long I. 
5 Stewart I. 14 The Twins 
6 Trio I. 15 Motungarara I. 
7 West tip of Te Kakaho I. 16 Amerikiwhati I. 
8 NE tip of Nukuwaiata I. 17 Southern I. of the Brothers 
9 Duffers Reef 18 Glasgow I. 
? Suspected island colonies 
Data from Brian D. Bell (pers. comm.) 
FIGURE 11 Fluttering shearwater colonies,Marlborough Sounds, 
New Zealand. 
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3.2.2 Feeding Ranges 
Fluttering shearwaters have never been seen in 
New Zealand waters outside the 100 fathom line (Norris, 
1965; Vooren, 1972; Bartle, 1974; Wilson, ~ ~.). In 
the Three Kings area approximately 1,ODUDOO birds were seen 
rafting in early March 1949 (Buddle, 1949). 
Hutton's shearwater feeds close inshore (Falla, 
1965), but also travels a considerable distance out to sea. 
Large numbers of this she~rwater seen off the Canterbury 
east coast (Wilson, ~.~.) are probably feeding on the 
abundance of food available. along the subtropical 
convergence zone. Large numbers of other seabirds also use 
the same food source (Bartle, 1974). The most western and 
most southern Hutton's shearwater sighting was made at a 
point mid way between Banks Peninsula and the Bounty Is. 
(Jenkins, 19B1). The contrast in distribution at sea of 
these two species is illustrated in Figure 12. 
The coastal distribution of fluttering and 
Hutton's shearwaters correlates with their feeding grounds 
and their colony sites (Figure 13). The high numbers of 
Hutton's shearwaters found on Auckland west coast beaches in 
spring probably relates to their return migration route from 
Australia. In all North Island east coast waters and all 
areas south of Canterbury, Hutton's shearwater is only found 
in very small numbers. 
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Birds/lOaD km (n) Birds/ lOOO km (n) 
263 (1636) 
208 (3759 ) 
126 (204 ) 
142 
113 67 (37) 
91 
5 76 (206 ) 
44 (68) 
52 (57) 
? 
o (0 ) 
5 (5) Chatham Is. 12 (4 ) 
Fluttering shearwater 
1.5 (8 ) 
11.0 (191 ) 
0.5 ( 1 ) 
3.5 
32.0 0 (0) 
7.0 
7.5 ( 3) 2.0 (5 ) 
73.0 (111 ) 
20.0 (22 ) 
? o (0 ) 
o Chatham Is. o (0; 
Hutton's shearwater 
Data represents the number of birds found per 1000 km of patrolling 
(n) = actual number of birds found. 
Data from: N.Z. Ornithological Society, Beach Patrol Scheme, 
1961-64, 1967-81. 
FIGURE 13 Coastal distribution of fluttering and Hutton's 
shearwaters found dead on New Zealand beaches. 
: . -~ '~ .... :-..... :.-.. -" .. 
;-; >~.~.;-.~ ;'~'~'-""~'--''':'-'-~. 
:~:;::::::~~:;;;:~:::::,.::~:.,;--:~ .. ~~ 
'.'0.' .•• '. '.'." _,' ~",_ .• ~ .• 
! 
I·. 
39. 
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The type-specimen locality of "Snares" (for 
Hutton's shearwater) given by Travers and Oannefaerd is well 
outside the known distribution (Fig. 12) and is either a 
labelling error or an example of a specimen blown or flown 
well off its normal flight path. 
3.2.3 Migration 
Imber and Crockett (1970) considered Hutton's 
shearwater to have a well-developed migratory habit, and 
';'-
concluded that the entire population of hut toni left New 
.- • t • ~. -;"- , I- . 
Zealand seas during autumn and returned in spring. This 
belief was contested by Harrow (1976) who considered this 
shearwater to be a sedentary species and reported having 
sight records of P. hut toni close enough inshore for 
positive identification for each month of the year. 
However, further investigation and discussion has shown the 
wtnter sightings made by Harrow are possibly the fluttering 
shearwater (Harrow, ~ comm.). 
The annual distribution of fluttering and 
Hutton's shearwaters found dead on New Zealand beaches 
(Figure 14) shows a marked contrast between the two species. 
Most fluttering shearwaters are resident all year and many 
dead birds are found in July and August, probably due to 
winter storms, food shortage, stress of egg formation in the 
female, and territorial conflict and establishment. 
40. 
FIGURE 14: Annuel dlstrlbutlon of flutterlng end 
Hutton's sheerweters found deed on 
New Zeelend beeches. 
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In contrast, there have been very few specimens 
: .,.~".f-."";-""""'-;;"",. ::. 
~~:~:~~~;;~j~~~=;~~~~1-.:1~: 
'-•. i,·· .... ·.·"' ~,'-' ~.- ~" " of Hutton's shearwaters found dead on New Zealand beaches 
between April and August. Some of these remains are months 
old, and had been washed ashore during the summer and 
autumn. Harrow (1976) reported that after the 'Wahine' 
storm (9-10 April, 1968) no dead Hutton's shearwaters were 
found on Canterbury beaches despite 25 km of patrolling. 
After the same storm Kinsky (1968) recorded only one dead 
Hutton's shearwater amongst 578 birds found during 
patrolling on Wellington south and west beaches (in contrast 
36 fluttering shearwaters were recorded). In October and 
November, many dead Hutton!s shearwaters are found, mainly 
on the North Island west coast beaches. Many of these 
, , 
deaths may be associated with the late returning, 
non-breeding birds. The return migration from Australia 
seems to bring Hutton's shearwaters close to the North 
Island-west coast beaches. The earliest recorded dead 
huttoni is mid August. Few birds are found after mid 
De-cember. 
The distribution (over time and space) of 
fluttering and Hutton's shearwaters around the Australian 
coast (Figure 15) shows marked differences within and 
between the species (see literature review for discussion). 
. ...... . 
.".,-- -
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Apr. (3) 
0, May (1) 
KEY 
(2) 
Nov. 
Oct. 
o Hutton's shearwater (with month and number seen) 
• Fluttering shearwater distribution 
(1) 
(1) 
(1) 
~ Breeding records (for fluttering shearwater) for which no 
original authority has been found. 
Data from:- Corben et al. (1974); Glasman (1977); Halse (1981); 
N 
Hindwood (1942); Holmes (1977); Reed & McKean (1982); 
Robertson (1973); Serventy (1939); Serventy et al. (1971); 
Vernon (1977); Warham ~1981). 
FIGURE 15 Hutton's shearwater and fluttering shearwater 
locality records for Australia. 
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CHAPTER FOUR 
COMPARISON OF RED CELL ENZYMES 
4.1 Introduction 
The study of allozyme variation (by gel 
electrophoresis) is over 20 years old (Nevo, 1978). There 
have been four attempts to find between species differences 
in blood protein patterns in the order Procellariiformes. 
Brown and Fisher (~966) examined five species (2 
albatrosses, 2 shearwaters and a gadfly petrel) using paper 
electrophoresis. They were able to distinguish the three 
genera by their protein patterns. Shaughnessy (1970), using 
starch gel electrophoresis, analysed transferrins, albumin 
and haem binding proteins from two 'sibling' species of 
giant petrel and found no variants either within or between 
species. Harper (1978) investigated the plasma proteins and 
esterases of 29 species of procellariiforms and, using 
polyacrylamide gel, was able to distinguish between all 
species, but found no variation within species. 
Barrowclough et ale (1981) examined 16 enzymatic loci in 12 
species and found three loci to be fixed across the order. 
Barrowclough et ~. found genetic distances to be small in 
comparison to nonavian taxa, and large in comparison to 
passerine birds. 
, ' 
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Whitehouse (1979) studied the ecological genetics of 
the Manx shearwater, surveying 13 enzyme and nonenzymatic 
proteins. Five of these were considered to be variable 
within the species, but only one was considered polymorphic. 
In an attempt to analyse the genetic distance between 
two closely related shearwaters this study falls between 
population genetics (Whitehouse, 1979) and inter-taxa 
analysis of relationships (Harper, 1978). The research 
technique employed in this chapter follows that used in the 
study of New Zealand little blue penguin subspecies by 
Meredith (1984). 
4.2 Sampling Plan 
To analyse the significance of a between species 
genetic distance by enzyme and non-enzymatic protein 
comparisons, it is important to survey the within species 
vaTiation of these same proteins. This variation can be 
over time, i.e., protein changes within the same population 
during an annual cycle, or distance, i.e., protein changes 
between different populations of the same species. 
Therefore any sampling must take account of these possible 
variations. 
4.2.1 Sample Sizes 
To be 95% certain of detecting at least one .~,_. _'- c' 
.'-., 
45. 
heterozygote occurring at a frequency of 0.1 In any single 
>-~-:-":'>~~~:~~'-~'.<-., ~'. -.' 
~;:~~~~;t~i:~:~~~~~:~i;~~~:~ population, 30 individuals from the population should be ..... -.---'-.-'~'--.----- .. -.. - . "/.' ... - ... ----_ .. 
sampled (Whitehouse, 1979). Sample sizes in this study 
varied between 41 and 54. 
4.2.2 Study Areas and Timetable (Table 3) 
(a) Fluttering Shearwater: 
Fluttering shearwater breeding colonies are all 
on offshore islands, ra~ging from the Three Kings in the 
north to the Marlb6rough Sou~ds in the south (Figures 10 and 
11). Two islands near the range limits were chosen to test --_ .. -\... ..... 
for': protein variation over distances. They were:-
- Long Island (41 0 07'S, 174 0 18'E), 
Fluttering shearwater population (Figure 3). 
Long Island is at the entrance to Queen Charlotte 
Sound. Most of the island is covered in native 
forest, but the northern tip, with its extensive 
shearwater colony (5000+ pairs) is covered with 
low windswept iceplants, tussocks and flax. 
- Moturipa Island (38 0 13'5, 178 0 2o'E) 
Fluttering shearwater northern population 
(Figure 2). 
.,,<' 
".", 
~~~--~ ~-----~--
TABLE 3 Sampling localities, dates and numbers for red cell enzyme survey of fluttering, 
Hutton's and sooty shearwaters. 
Species Location 
Long Island 
Long Island 
Fluttering shearwater (Puffinus gavial Long Island 
Moturipa Island 
Hutton's shearwater (Puffinus huttoni) Kowhai River 
Motunau Island 
Motunau Island 
Sooty shearwater (Puffinus griseus) Cape Wanbrow 
Taiaroa Head 
--- - -
- ----,---;---
> , 
. L ~' 
Date 
Feb. 1983 
Aug. 1983 
Nov. 1983 
Sept. 1983 
Dec. 1983 
Jan. 1983 
Mar. 1984 
Mar. 1984 
Mar. 1984 
---
n 
54 
47 
50 
41 
46 
5 
8 
11 
23 
I 
I 
~}; r: 
~~ ::;-".:: 
.,,'J '. 
:1', 
~i;(' 
,j::. 
Ci'\ 
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Moturipa Island is situated 3 km north of Anaura Bay. 
The island is very small and its eastern side is a 
vertical mudstone cliff, the western side of the 
island is covered in a canopy of taupata, karo, 
ngaio, and boxthorn (Bell and Blackburn, 1960). All 
burrows of the fluttering shearwater (500+ pairs) are 
on, or near, the summit ridge. 
To test for protein variation over time, the Long 
Island population was sampled on three occasions:-
August pre egg-laying 
November egg hatching 
February fledging 
(b) Hutton's Shearwater: 
Hutton's shearwater is only known to breed in 
the Seaward Kaikoura mountains (Harrow, 1976). The largest 
remaining colony, approximately 5~000 pairs (Wragg, 1984) 
was chosen for this study. 
- Upper Kowhai River colony (42 0 15' 05"5,173 0 36' 
15"E) Hutton's shearwater population (Figure 4) 
The colony is situated in a steep, eroded, high, 
I 
.:..~>- .. -:-:.:.:.:.~.»~~: :,~.;. 
t;: 'j::~: -!-;-=~~::;::~;:;~;~~:~;:' 
;> , i"·"···· .- .-.-.-~ ,-.-, ",-- • 
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mountain valley with the burrows mostly amongst 
~ .-.'.' •• :. .:_ .... ~ ••• _. " of, ...... ; 
patches of snow tussock (Chionochloa spp). The \::':~;:~~~~~'~~~~~~~~~;~:~;~; , .• :--, 0" '-," .,.".,: ••.•••• ~ • 
study area has been described by Harrow (1976). 
(c) Sooty Shearwater: 
Sooty shearwater is the commonest shearwater in 
the New Zealand region. Its breeding colonies range from 
the Three Kings Islands in the north to Campbell Island in 
the south. It is known to breed on the mainland of the 
South Island, in a number of places, but these colonies are 
becoming rarer due to predation pressure from introduced 
, 
carnivores (pers. obs.). For this study the sooty 
shearwater was used as a species of known relationship that 
would help orientate the Hutton's and fluttering data. 
Areas sampled were (Figure 16):-
- Motunau Island (43 0 08'5 173 0 10'E). 
This steep sided, flat topped island of 20 ha lies 
1 km off the Motunau river mouth. The griseus 
population is very small, numbering approximately 
20 pairs. 
,">' ,",. 
FIGURE 16 
49. 
Motunau Island, Nth Canterbury 
Cape Wanbrow, Oamaru 
Tairaroa Head, Otago Peninsula 
"
.: 
. ~';" .. 
,-
• 
200 Km 
Sooty shearwater sampling sites,South Island, 
New Zealand. 
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- Cape Wanbrow (45 0 05'5, 170 0 58'E). 
This scattered small colony occupies sea cliffs on the 
outskirts of Oamaru. The griseus population numbers 
approximately 50 pairs. 
- Taiaroa Head (45 0 48'S, 170 0 43'E). 
This large (500+ pairs) healthy colony on the Otago 
Peninsula, appears to be benefiting from the extensive ~ .': " \..; :. -. ,.'. 
".<' -.':'-.- . ~-::-,-: •. -..• -.. 
predator control programme at the nearly albatross 
colony. The burrows are amongst tussock covered 
sand dunes at the top of 50 m high sea cliffs. 
Unfortunately access to the burrows is very rarely 
given by the landowner (Lalas pers. comm.). 
4.3 Sampling Technique 
4.3.1 Collection 
All birds were captured at night at their 
breeding colonies. As moonless nights were found to be best 
(the shearwaters appeared in greater numbers, and sat on the 
surface for longer), sampling trips were planned, where ,~ -. -
,-..1 _____ .:,_'_": ~ ___ .:.: __ 
possible, to coincide with the new moon. Sampling was a two 
person operation; one person capturing birds and writing 
down information, while the other took blood samples and 
measurements. 
- - . .~ 
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4.3.2 Sample Handling 
Blood was extracted from the brachial vein while 
the bird was held upside-down between the sampler's knees 
(Figure 17). The samples were collected using 3 ml 
disposable syringes and '1/2 inch' x 27 gauze needles, each 
syringe was primed with 0.2 mls of 0.2M EDTA as an 
anticoagulant. A 6 volt portable centrifuge (lent by P.C. 
Harper) was used to separate the red cells from the plasma 
and the buffy coat was discarded. During offshore island 
collection trips the samples were stored in liquid nitrogen. 
In the laboratory, samples were kept at -70°C until analysis 
, ; 
was carried out. 
4.3.3 Sample Preparation 
Plasma - Four replicate sets were pipet ted in to 
9~ well micro titer plates. 
Red cells - Samples were diluted 1: 1 wi th 
distilled water. After mixing on a multiple sample 
agitator, samples were stored overnight at 4°C. The samples 
set into a thick gelatinous mass. Samples were then 
centrifuged at 18 x 10 3 rpm (39079 g) for 50 minutes (also 
at 4°C) as recommended by Whitehouse (1979). The 
supernatant was then pipetted into four replicated sets of 
96 hole micro titer plates, and refrozen for long term 
52. 
storage at -70°C. 
The above treatment was determined after a 
series of trial runs were carried out on the red cell 
fraction of all three species as follows: 
(a) High speed centrifugation (i.e. 18 x 103 rpm) 
compared with no centrifugation. 
(b) Red cell dilution with water and centri-
fugation, compared with red cell dilution with P.B.S. 
(Phosphate buffered. saline) and centrifugation. 
• I ( c) Red cell dilution with water and centri-
fugation, compared with red cell dilution with P.B.S. and 
0.1% Triton X100 then centrifugation. 
Samples were stored at 4°C during the test. 
R~sults were analysed by electrophoresis runs of the samples 
on starch gel twice a week for one month. After staining 
for enzymes the clarity and intensity of the banding 
patterns produced was used to evaluate enzymatic breakdown 
in the samples. 
Treatments (a) and (b) showed no significant 
differences in enzymatic breakdown speed, but treatment (c) 
showed rapid enzyme breakdown after 10 days storage. 
.J-: _ 
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humerus 
brachial vein 
ulna 
FIGURE 17: Underside of shearwater, showing position of 
brachial vein. 
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4.4 Starch Gel Electrophoresis 
---_.--'.'." .. '.' ..... . 
::;: ..:;;':~::~::;:::: :;:; ~ ~;~:::;'::~:~: 
>,-,'.-.-.-,",'.'.-,'.' -, .... , ...•. 
All laboratory work was carried out in the blood typing 
unit of the Veterinary Science Department, Lincoln College. 
The procedure used is based on that of Bengtsson and 
Sandberg (1973) and adapted for this study as advised by 
Lawson (~. comm.). Two buffer systems were used in this 
study: (Appendix IV). 
- Phosphate, pH 7.0 
- Tris Borate EDTA, pH 8.6 
Making the gel: 
For each gel, bbil 180 mls of gel buffer and pour this 
. ~, .. ' 
into 60 mls of gel buffer and 20 gms of hydrolised potato 
® 
starch (' Sigma' S 4501) which is being constantly stirred 
with a magnetic stirrer to stop the starch from settling. 
Shake the mixture by hand for 10 seconds and apply vacuum 
for 45 seconds to deaerate the gel. Pour into moulding 
plates and cover with 'Saranwrap' type plastic, remove 
bubbles of air trapped under plastic, clamp on top plate and 
place in a freezer (-10°C approx.) to set for one hour 
(Krist jansson, 1961). The mould is made of three perspex 
frames (the internal dimensions of each are 110 x 220 x 3 
mm) on a perspex base-plate. 
: -~- . ~ -.- - -. -- - , 
Loading the samples: 
Insert lines were cut at 70 mm and 150 mm from the 
55. 
. . 
negative end. Samples were loaded directly from the micro • -~'. _: •• -: .• ',' ".-'J.--
• > .. ,,:,;,~ :'':.'::''''':':-'0\':>-" '~'.' 
:~~~:::~~:~:~~~~~:~:~:~:-::~' 
titer plates onto 5 x 7 mm pieces of No.3 filter paper. Ten 
samples were applied along each line. 
Running the gel: 
Electrode tanks were loaded with 400 mls of the 
appropriate buffer and gels were set up as in Figure 18. 
Plates were run for 20 minutes at 100 volts, then the filter 
paper inserts were removed (see Table 4 for enzyme running 
conditions). The entire run was done at 100 v to minimise 
overheating,which is the major cause of enzyme breakdown 
during electrophoresis (Lawson, pers. comm.; Dratch, pers 
~.). 
Slicing the gel: 
The top frame was then removed, the surface covered 
with 125 u polythene and a thin, tight wire was passed 
across the top of the second frame. The thin slice was 
peeled off the main gel while it was held in a near vertical 
position. Three slices were usually obtained but as many as 
five slices may be taken from the same gel, by the use of a 
1.5 mm thick moulding plate, which was used to cut slices 2 
and 4 during the slicing procedure. 
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Staining the gel: 
Enzyme stains, after mixing, are directly applied to 
the surface of the gel, as in Fitch and Parr (1966). The 
gels were then incubated at 370C in the dark until 
acceptable patterns developed. This varied from 15 minutes 
to 4 hours, according to the enzyme concerned (Figure 19). 
TABLE 4 Electrophoretic running conditions for the assay 
of ten shearwater red cell enzymes. 
Enzyme EC No. Continuous buffer 
pH system 
Run time 
(volt hours) 
LoH 1.1.1.27 7.0 1 ,DOD 
MoH 1.1.1.37 7.0 1 ,DOD 
PGO 1.1.1.44 7.0 1 ,DOD 
CAT 1.11.1.6 8.6 800 
SOD 1.15.1.1 8.6 800 
AK 2.7.4.3 7.0 700 
PGM 2.7.5.1 7.0 1 ,DOD 
EST 3.1.1.1 7.0 700 
AcP 3.1.3.2 AcP1 = 7.0 700 
AcP2 = 8.6 800 
ALo 4.1.2.13 7.0 700 
Note: Buffer pH Two buffer recipies were used for the 
10 enzymes, see Appendix Four. 
Runtime is measured in volt hours; 
e. g. '800 : 200 v for 4 hours 
100 v for 8 hours 
or 50 v for 16 hours, etc 
'- -:-, - ~ 
.; :' - '~,.; 
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KEY 
A Platinum wire electrode 
B Tank buffer 
C Perspex®bottom plate 
D Starch gel 
E Wettex® Cloth, saturated with H2 0 
F Sample loading slots 
G Perspex® molding plates 
H Cooling plate with circulating tapwater 
I '5aranwrap type' insulation layer 
J Wettex® wicks; for electron flow between tank buffer 
and starch gel. 
~-------------------------4~+ 
FIGURE 18 
Power supply 
Cross-section of starch gel electrophoretic 
apparatus as used in this study. 
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KEY 
Sample No. EST 2 EST 3 Aldolase 
S1 2" (mono) 3' ( ? ) 
S2 2" (mono) 3' 1 (LBHS) 
S3 2" (mono) 3 ' (MBHS) 
F1 2 (fast) 3 1 ' (MBHS)? 
F2 2 (slow) 3 1 ' (TBHS) 
F3 2 (fast/slow) 3 1 ' (MBHS) 
F4 2 (fast) 3 1 ' (LBHS) 
H1 2 ' (slow) 3' 1 ' (LBHS)? 
H2 2 ' (fast/slow) 3 ' 1 ' (MBHS) 
H3 2 ' (fast/slow) 3' 1 ' (LBHS') 
i 
Ilote LBHS = Leading bands heavily stained 
MBHS = Middle bands heavily stained 
TBHS = Trailing bands heavily stained 
'-.~ '" ,",.-,' "- ~ 
' .. " 
. -,',.'. 
-", 
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:.;u 0 
Aldolase 
--origin 
\ 
, I 
\ I 
\ I 
\ I \ 
SI S2 S3\ FI F2 F3 F4: HI H2 H3 
- Sample numbers 
I I (for both gels) I I 
I 
EST 3 
EST 2 
Red cell esterase 
FIGURE 19: Photographs of stained aldolase and esterase gels 
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4.5 Results 
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Table 5 lists enzymes tested and gives both the quality 
of the results obtained and any variation detected. The 
enzymes for which little or no activity was found (9 out of 
20) may either have been (a) absent from shearwater blood 
cells; (b) deteriorated rapidly following removal of the 
blood sample from the bird or (c) failed to develop because 
of suboptimal electrophoretic or staining conditions. 
Whitehouse (1979), using starch gel electrophoresis to stain 
for Manx shearwater blood enzymes, obtained similar results 
with 13 out of 24 e~zymes being absent or showing weak or 
diffuse activity. 
The results obtained from the 10 enzymes surveyed in 
detail are given in Table 6 and are illustrated and 
discussed in the following section. 
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TABLE 5 Comparisons of resolution and variability for 
shearwater enzymes detected on starch gels. 
Short ref. 
Enzyme and EC No. p/R Quality Variability 
a-glycero aGPDH R A 
phosphate 1.1.1.8 
dehydrogenase 
Sorbitol SORDH R A 
dehydrogenase 1. 1.1.14 
Lactate LDH R ++* M 
dehydrogenase 1.1.1.27 P + M 
Malate MDH R ++* M? 
dehydrogenase 1.1.1.37 
Isocitrate ICDH R + 
dehydro9,enase 1.1.1.42 
6-phospho PGD R ++* M 
gluconate 1.1.1.44 
dehydrogenase 
Glucose-6 G-6-PDH R + 
phosphate 1.1.1.49 
dehydrogenase 
Catalase CAT R ++* M 
1.11.1.6 
KEY: 
P/R 
A 
= 
= 
either plasma or red cell (i.e., tissue analysed) 
absent 
+ 
++ 
M 
V 
* 
= 
= 
= 
= 
= 
highly diffuse bands, 'not readable' 
bands present 'readable' 
Monomorphic 
Variable 
Enzyme selected for final study 
Estimated 
No. of Loci 
2 
2 
1 
2 
1 
... Continued 
I 
I 
I 
'" -, 
- " ~ - ~ -
••• - -.-.- r 
.",.- .- .. 
TABLE 5 Continued 
Enzyme 
superoxide 
dismutase 
Glutamate 
oxalate 
transaminase 
Hexokinase 
Adenylate 
kinase 
Phosphogluco-
mutase 
Red cell 
esterase 
Cholin-
esterase 
alkaline 
phosphatase 
Acid 
phosphatase 
Aldolase 
Carbonic 
anhydrase 
Haemoglobin 
Short ref. 
and EC No. 
SOD 
1.15.1.1 
GOT 
2.6.1.1 
HK 
2.7.1.1 
AK 
2.7.4.3 
PGM 
2.7.5.1 
EST 
3.1.1.1 
ES 
3.1.1.8 
ALP 
3.1.3.1 
AcP 
3.1.3.2 
ALD 
4.1.2.13 
CA 
4.2.1.1 
(protein) 
Minimum 
Maximum 
61. 
p/R 
R 
R 
R 
R 
R 
R 
P 
P 
R 
R 
R 
R 
number of 
number of 
Estimated 
Quality Variability No. of Loci 
++* M 2 
A 
+ 
++* M 1 
++* M 1 
++* V 3 
++ M 2 
A 
++* M 2 
++* M 2 
+ 
++ M 2 
loci = 21 
loci = 28 
" 
'" 
. ',' 
.... -.-, ... -... 
,'.,,-
-
! 
-:-.l.......... 
'. ',- -:: ,- '. -: ~ - - ~ .:,,:.,,:, .:..'-.:, 
: 
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TABLE 6 Enzyme allelic frequencies for the four 
shearwater populations. 
Enz:tme Loci P. grvia P. hut toni P. 
-- (Long Is.) Moturiea I.) -
LDH 1 1 1 1 
MDH 1 1 1 1 
PGD 1 1 1 1 
CAT 1 1 1 1 
1 ' 0 0 0 
SOD 1 1 1 1 
AK 1 1 1 1 
PGM 1 1 1 1 
EST 1 0 0 0 
1 ' 1 1 1 
2 A"  0.48 0.45 0 
2· B 0.52 0.55 
-
, 
2 ' A 0 0 0.49 
2 ' B - - 0.51 
2" 0 0 0 
3 1 1 0 
3 ' 0 0 1 
AcP 1 1 1 1 
2 1 1 ,1 
ALD 1 0 0 0 
1 ' 1 1 1 
I 
n A = fast allele, 8 = slow allele 
(for calculation method see Ferguson (1980)). 
····~·-·~·"'-··r""·· ....... :.:" 
~~~~3:~~:?:~~f?,:~~~~-~~=~~~~~ 
griseus 
1 
1 
1 
0 
1 
1 
1 
1 
1 
0 
0 
-
0 
-
1 
0 
1 
1 
1 
1 
0 
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4.5.1 Lactate dehydroQenase (LDH) 
® 
ISOZYME POSTULATED SUBUNIT 
structure 
-
5 A A A A 
4 A A A B 
origin---
-
3 A A B B 
-
2 A B B B 
-
1 B B B B 
e 
FIGURE 20 Lactate~ehydrogenase enzyme banding pattern. 
Lactate dehydrogenase was resolved into 5 
activity zones. These zones are probably equivalent to the 
LDH-1 ,2,3,4,5 isozymes observed in mammals (Harris and 
Hopkinson, 1976). The zones are formed from the products of 
two gene loci, LD~ and LDHB, combining to produce 
tetramers. 
Most samples showed even staining intensity over 
the five bands, but some showed heavier staining at either 
the anodal or cathodal ends, which indicates differences 
between the samples in relative amounts of LDHA and LDHB. 
No 'true' genetic variants were observed, and all species 
showed the same migration distance. 
I 
~';:;~;,~:.~;~~~;:;::::~~;::~ 
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4.5.2 Malate dehydrogenase (MOH) 
--
a bed 
--
e 
--- origin 
f ~ sample 
F ICURE 21 Malate dehydrogenase enzyme banding pattern 
(samples c and d are from the Moturipa Island 
population). 
The three shearwater species showed one zone of 
MOH activity. This locus was monomorphic and the same 
. . 
allele was s~ared by all populations with the exception of 5 
Mot~ripa Island birds. A thick banded form was found in 5 
out of 41 of the Moturipa Island fluttering shear water 
samples (figure 21). This variant may be a 'post 
translational modification' (Meredith, pers. comm.), or a 
heterozygote (FS) for a rare fast allele. Another possible 
explanation (Sim, pers. comm.) for the MOH mobility changes 
would be conformational (shape) changes in the MOH protein 
molecule, this has been found in MOH before by Lyerla et 
~., (1979). MOH is a conservative enzyme in evolutionary 
terms, i. e., Barrowclough ~~. (1 9B1) found no var iation 
in this enzyme across 12 species in the order 
Procellariiformes. If the Moturipa Island population is 
showing a 'true genetic variant', then this is possibly due 
to the isolated nature of this small (500 pairs) fluttering 
shearwater colony. If the aberrant MOH form was inheritable 
and there was regular interbreeding between Moturipa Island 
-'~:;'~ ~ . ..:. ;~.~ '::-:> ,-. -"'~.-:-~ ',:. '-' 
;::;; :::.:~:.; :.:!~:: .:-:-~:::-:. ;..:.:~: :..::~ ~ 
, ... _ •• _,., ••••• ;-· ....... '.u .... ' 
~-=.- • 
- - - - -- - -- - - ~ ~ . ,. -.- .' 
J • ~'.~.-
.. 
"'.-
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and Long Island birds, then the thick banded form should 
have been found among the 151 birds sampled from Long 
Island. 
4.5.3 6-phosphogluconate dehydrogenase (PGO) 
I I 
---
--- --- --- Origin 
e 
FIGURE 22 6-phosphogluconate dehydrogenase enzyme banding 
pattern. 
The red cells of shearwaters showed two bands of 
PGO activity. This locus was monomorphic and the alleles 
migrated the same distance in all six shearwater 
populations. 
'.~- -:-'-- -:- ->'. " .. -...... . 
. . -. ' . 
.. , •• ~. T , ,", 
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4.5.4 Catalase (CAT) 
C±> 
- - - -
e --- --- - -
--- --- Origin 
a b c d e f sample 
-
FIGURE 23 Catalase enzyme banding pattern, 
activity. 
(samples a, b, e, f are fluttering and Hutton's 
shearwaters, samples c and d are from the sooty 
shearwater) 
Shearwater catalase showed one intense zone of 
This locus was monomorphic. Fluttering and 
Hutton's shearwaters' catalase migrated slowly to the anode, 
I 
sooty shearwater catalase did not move from the origin. 
Catalase was unstable under high voltage/high heat 
electrophoresis. 
- .-_._._- .... , .. 
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4.5.5 Superoxide dismutase 
FWffA W//M V/////41 
---
---
(500) 
--- Origin 
FIGURE 24 Superoxide dismutase enzyme banding pattern. 
Three bands of 500 activity were found in all 
samples, this was interpreted as one monomorphic locus and 
all shearwater populations showed the same migration rate. 
An indistinct leading band was noted from nearly all 
samples. This was not scored, as it was possibly a 
breakdown product. 
;-,--:.,:, .. .:; .. 
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4.5.6 Adenylate kinase (AK) 
(jJ 
- - -
- - -W//TIJJ.Zli t~ fI IIZZ[tftllJ fi/JLlff!li1.4l 
.. _' ... 
---
--- -~- Origin e 
" .... ~, 
FIGURE 25 Adenylate kinase enzyme banding pattern. 
Two bands of AK activity were found in all 
shearwater samples, this was interpreted as one monomorphic 
locus and all shearwater populations showed the same 
migration rate. AK broke down during storage and 
electrophoresis, an indistinct trailing band was interpreted 
as a breakdown product. 
. /,:-.-, 
.... _," :-.:. •• .:.~ •• T·" ;.-___ > 
69. 
4.5.7 Phosphoglucomutase (PGM) 
- - -
- - -
e 
--- Origin 
FIGURE 26 Phosphoglucomutase enzyme banding pattern. 
Two bands of activity were found in all samples 
and these showed equal mobility among the different 
populations. This was interpreted as one monomorphic locus 
across all shearwater populations surveyed. 
I :'. ~ , ~ ~ • _ ,'_ ._, 
!"" .. ,-...• ..,.-"--.--
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4.5.8 Red cell esterase (EST) 
EST 1 ~ ••• 
EST 
EST 3----.. ••• 
---- --- ----origin --- ----- ---
semple -+- HI 
e 
Sample 
H1 
H2 
H3 
F1 
F2 
F3 
S1 
FIGURE 27 
H2 H3 F1 F2 F3 
KEY 
No. EST 1 EST 2 EST 3 
1 ' 2 ' (Fast) 3 ' 
1 ' 2 ' (Fast/slow) 3 ' 
1 ' 2 ' (Slow) 3' 
1 ' 2 (Fast) 3 
1 ' 2 (Fast/slow) 3 
1 ' 2 (Slow) 3 
1 2" (Monomorphic) 3 ' 
Red cell esterase enzyme banding pattern 
(also see Figure 19). 
-----
Sl 
Esterase resolved into a complicated (sometimes 
diffuse) banding pattern which was interpreted as a minimum 
of three loci and up to 5 extra underlying and trailing 
bands. 
• _,.' ••• ". -~ ." •• ·T ~.' _ ,_ ' __ , 
:- . ~ -. -.::,~.: '. ' ... '; '" ';' ... "~:.' .-; 
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( i ) EST 1 - a single monomorphic band. Sooty 
shearwater samples showed a faster migration rate, i.e., 
sample S1, than fluttering or Hutton's shearwaters, i.e., 
samples H1 to F3. 
(ii) EST 2 - Different mobilities were found 
between the three shearwater taxa, this locus was 
polymorphic in fluttering and Hutton's shearwaters, i.e., 
samples H1 to F3, but in the sooty shearwater the locus was 
monomorphic, sample S1 (see Table 5 for allele frequencies). 
(iii) EST 3 - a single monomorphic band. 
Fluttering shearwater samples (F1, F2 and F3) showed a 
• I 
faster migration rate than Hutton's or sooty shearwater 
samples (i. e., H1, H2, H3 and S1). 
Extra to EST 1, 2 and 3 most samples showed a 
number of inconsistently resolved bands (loci?) which w~re 
not scored. 
.: .:", ':->.'';' ~,~.:. » .. :.~.; ~,,,:, 
~!'.'::~::::~::;~~::;;:;;::::~~:::!;: 
.'.:" .'.-.: .. ,~.~. -'- ..... " ",' 
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4.5.9 Acid phosphatase (AcP) 
..... ,- -- - '.-.". -~ '-" .-: .".' ." .. 
••• - Leading loc i (AcP 1) 
IZ'lL@LJ W./lff /Z1 
=} I 
-
Trailing loci (AcP 2) 
--- --- ---
origin 
FIGURE 28 Acid phosphatase enzyme banding pattern. 
Acid phosphatase resolved into one leading and 
three trailing bands of activity, the leading band was 
interpreted as one monomorphic locus and the three trailfng 
bards were interpreted as another monomorphic locus (the 
leading band of which was inconsistently resolved and 
possibly a breakdown product). 
All four bands showed the same mobilities across all 
six shearwater populations. Barrowclough et ~. (1981) 
found no variation in this enzyme across 12 species in the 
order Procellariiformes so it appears to be a very 
conservative enzyme, i.e., evolving very slowly. 
, .- . 
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4.5.10 Aldolase (ALD) 
e 
FIGURE 
~~ ~ 
_rn __ 
----
__ m_ 
~ ~ .~ 
--- --- --- ---
a b c d 
29 . Aldolase enzyme banding . 
(also see Figure 1 9 ) • 
---
e 
pattern 
--- origin 
f - sample 
This multiple banding enzyme is hard to 
interpret. It is possibly a tetramer like LDH (Sim, ~. 
comm.). The slowest band remained close to the origin, the 
fastest band migrated quickly towards the anode. In most 
samples the three central bands stained most heavily, but in 
56 out of 285 samples, either the leading three, or trailing 
three bands stained more heavily. Fluttering and Hutton's 
shearwaters samples had the same migration rate, whereas the 
three consistently resolved bands of the sooty shearwater 
ran further towards the anode. 
I 
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4.6 Discussion 
Genetic variation within the shearwater populations 
being studied was very limited (Table 7). Only one 
polymorphic locus was found (EST 2 in gavia and huttoni) 
from 13 loci that were tested, and the sooty shearwater 
showed no polymorph isms at all. Harper (1978) found no 
polymorph isms among the general proteins and cholinesterases 
of the 29 species of Procellariidae that he studied, and 
Whitehouse (1979) found only one polymorphic locus in the 13 
proteins that he tested. From these results, populations 
within Procellariid~ewold .appear to be genetically 
homogeneous. 
Harper (1978) suggests that "following the mid-tertiary 
radiation of the Procellariiformes came a gradual loss of 
evolutionary novelty leading into a phase of specialisation 
..• Competition and other selective agencies led to the 
e~tinction of many (7) petrels unable to attune their genome 
precisely to the marine environment. In terms of proteins, 
the hitherto high degree of genetic variation was lost, and 
many once polymorphic alleles become fixed". 
---'--~ - ~ - -
Genetic identity values (Nei) given in Table 8 were 
calculated from the data in Table 6. For the purposes of 
this study identity values were calculated by allocating 
'one value' (usually 0 or 1) to each locus. A valid 
alternative method of calculating identity values (Sim ~. ,""--
75. 
TABLE 7 Summary of genetic variation in fluttering, 
Hutton's and sooty shearwaters. 
Fluttering 
shearwater 
(Long 1. and 
Moturipa I.) 
Hutton's 
shearwater 
Sooty shearwater 
No. of 
loci 
(min.) 
1 3 
13 
1 3 
Proportion of 
polymorphic 
loci 
0.08 
0.08 
0.00 
Mean No. of 
alleles per 
locus 
1 .08 
1 .08 
1 .00 
TABLE 8 Genetic identity values (Nei)* among the four 
shearwater populations. 
Fluttering 
shearwater 
(Long I.) 
Fluttering 
shearwater 
(Moturipa I.) 
Hutton's 
shearwater 
Fluttering 
shearwater 
(Moturipa I.) 
0.999 
Hutton's 
shearwater 
0.846 
0.846 
* for c~lculation see Ferguson (1980) 
Sooty 
shearwater 
0.615 
0.615 
0.692 
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~.) involves the allocation of values to each line of 
comparison (rather than each locus) in a table of allelic 
forms (as in Table 8). For example, this would involve 
giving two 'D's to any locus that shows a difference in 
protein band mobility between the two populations. If this 
alternative method is used, then the calculated distance 
between populations greatly incrases (see Table 9). The 
method of allocating values to locus comparisons (for 
genetic identity calculations) is rarely (if ever) specified 
in papers using Nei's mathematical coefficient. 
The three esterase loci that were scored in this study 
had a major effect on the end result. The diffuse and 
multi-banding pattern of red cell esterase, almost resulted 
in it being rejected for further study during the initial 
survey of suitable enzymes. Whitehouse (1979) did reject 
red cell esterase. Genetic identity values were calculated 
for all the enzymes, except esterase, using the one value 
per locus method specified above. The results (see Table 9) 
show the large effect esterase data had on the final 
identity values. 
Table 10 lists the genetic identities (Nei), among 
populations at different taxonomic ranks, and compares the 
shearwater results to other animal groups. 
This table shows the large differences in 'genetic 
divergence' found at equivaJent taxonomic levels, among 
different animal groups. 
-.. 
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TABLE 9 The instability of genetic identity values 
(Nei), using different calculation systems 
and in the absence of esterase data. 
Fluttering A 
shearwater B 
(Long 1.) C 
Fluttering A 
shearwater B 
(Moturipa 1.) C 
Hutton's A 
shearwater B 
C 
KEY 
Fluttering Hutton's 
shearwater shearwater 
(Moturipa I.) 
1 .000 1 .000 
0.999 0.846 
0.999 0.733 
1 .000 
0.846 
0.733 
Sooty 
shearwater 
0.800 
0.615 
0.444 
0.800 
0.615 
0.444 
0.800 
0.692 
0.471 
A = Calculation (as in 8) in the absence of esterase data. 
B = Calculation using one value prescribed per locus, the 
preferred method of Sim (~. ~.), and for 
this study. 
C = Calculation using one (or more) values prescribed per 
locus. 
... ,~ ~ . -., ---.. -......... ' 
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TABLE 10 Mean genetic identities (Nei) among populations at different taxonomic levels. 
Taxa Populations Subspecies 
Drosophila 0.972 0.794 
Salamanders 0.921 0.840 
Fish 0.976 0.842 
Mammals 0.970 0.949 
Procellariiformes 
Shearwaters * 0.999 
Penguins 0.999 0.946 
Passerines 0.997 0.992 
Species Genera 
0.345 
0.491 0.350 
0.536 0.351 
0.636 
0.647 
0.718 
0.860** 0.795 
0.904 0.807 
Families 
) 
) 
) 
) 
) 
) 
o .505) 
* = Calculation method based on 'one value prescribed per locus'. 
** = Extrapolated value (from subspecies and genus data in Meredith (1984) . 
',. 
'. 
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Meredith (1984) listed possible reasons for these 
variations in calculated genetic distances between different 
classes of animals: 
(a) The previously employed techniques of gel 
electrophoresis may not adequately assay protein divergence 
in birds. Also, other classes of proteins, not normally 
assayed, may exhibit less conservative patterns of 
divergence. 
(b) Differing taxonomic approaches, e.g., if avian 
tax~nomists f~voured'splitting groups and amphibian 
taxonomists favoured lumping groups together, then these 
• I 
patterns may be explained. 
(c) A relatively recent origin of the avian taxa that 
have been examined (especially Passerines). 
Avise and Aquadro (1982) suggested most bird species 
represent unambiguous biological species (retaining separate 
identities even when sympatric in nature). However, they 
concluded that the problem could be an undersplitting of the 
reptiles and amphibians; They also suggested that avian 
genera, rather than species are possibly oversplit. 
Bock (1969) considered there to be less structural 
divergence between taxa of birds, than between comparable 
taxa of other animals. This observation was based on a 
80. 
phenetic study and evidence from the biochemical studies .. ', ... : '. ~:.,-:~~'~::4~"":'.'::_. '.' ~ ','._', 
presented in Table 10 would tend to support this suggestion. ~~~:~~:~~~;~~~%:;~~:~:~~~i~ 
Avise (1974) discussed the theoretical advantages and 
disadvantages of electrophoresis over the more conventional 
(morphological) phenetic approach. 
Advantages Include 
(a) Objectivity - gene frequencies are based solely on 
bands on gels . Subjectivity may 
. enter into morphological or 
,"_ -.: r. '. _. • _ . " ~- ~. 
behavioural data. 
(b) Constancy of genetic characters 
- most banding patterns (including all 
tested in this study) show little or 
no age, seasonal or sex variation. 
(c) Precision - data are on the genetic contents of 
the organisms. Only amino acid 
sequencing promises greater 
precision. 
(d) Analogy implies homology 
- for most loci now examined electro-
phoretically, common function 
" .---,','-
strongly implies common origin. 
\"'; -",<"" 
; 't: . . 
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~~~::~~;~:~-r~+:-~'~~_-:;~~'-_'_~ 
In response to Avise's list of advantages to electro-
~~g:i:g:::;:::;~t;:;:; 
phoretic data I offer the following comments: 
Objectivity - I acknowledge that the banding 
patterns themselves are objective, but as I point out 
earlier in this discussion, the interpretation of the 
patterns, and the designation of values to single locus 
comparisons, is highly subjective, i.e., depending on the 
human element for final in.terpretation. 
Precision ~ I would like to point out a semantic 
problem, i.e., bands on gels are the result of protein 
mobility differences and represent primary phenotypes 
(Ferguson, 1980) not 'genotype' as used by many authors 
including Avise. 
Disadvantages Include 
(a) Electrophoresis is restricted to living organisms. 
(b) Chance identity in band mobilities 
- there is a finite number of 
distinguishable band mobilities on 
gel, therefore there is a chance 
that bands (of different origin and 
protein construction) will appear 
identical on gel. 
82. 
(c) Difficulties in scoring. 
(d) Non-detected protein differences 
- this will lead to an underestimation 
of protein differences between the 
populations. 
(e) Biased sample of genes 
- electrophoretic methods sample 
(primarily) water soluble proteins, 
which are encoded by structural 
genes. 
(f) More than one mutation step 
- electrophoretic data does not 
include any information on the 
number of amino acid differences 
between proteins. 
(g) Cost - electrophoretic studies are costly 
both in time and money. 
In response to Avise's list of disadvantages to 
electrophoretic data I offer the following comments: 
Restricted to living organisms - this is not quite 
the case as Jope (1969; 1976) has used electrophoresis to 
~<j,.,:.~ ':;;;~L' ",\ ;~._.~ "<', '.': 
:: ~~::':;:":~'-"';:::~ :>...:;.: .... ~:~.:-:~:.: 
;t-'" , .,~ - -'. ,'.' c, ""1"'" ,>. 
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analyse subfossil and fossil organic matter for taxonomic 
purposes. 
Non-detected protein differences - the counting of 
multi banded monomorphic loci (i.e., fixed heterozygotes) 
will also be generally underestimated, 
i.e., are two monomorphic bands 
- one 'two banded' locus 
or - two 'single banded' loci. 
This problem tends to counterbalance the non detection 
of protein differences in the final genetic identity 
calculations. 
The electrophoretic analysis of red cell enzymes in 
this study has produced some positive insights into the 
relationihip of fluttering and Hutton's shearwaters. 
Unfortunately the results obtained are not as readily 
interpretable (in an ecological or evolutionary sense) as 
data obtained from other parts of this study. 
I 
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Fig.30: Bones used for skeletal analysis 
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CHAPTER FIVE 
COMPARATIVE OSTEOLOGY 
5.1 Introduction 
All measurements in this section were taken using 
Mitytoyo® dial calipers. The measurements taken, to 0.1 mm, 
are illustrated in Figure 31. Terminology is after Howard 
(1980) and Baumel (1979). 
5.2 Identifying Skeletons 
, I 
Most skeletal material of fluttering shearwater or 
Hutton's shearwater was obtained from (marginally 
identifiable) beachwrecks (see Chapter 3). Th~ first object 
of this chapter was ·to try to find a system of accurately 
identifying these skeletons. By the use of approximately 20 
positively identified skeletons, e.g., from breeding 
colonies, a search was conducted to find any structural 
feature that could be used for accurate species 
identification. None were found, so the size range of each 
skeletal character was determined, unfortunately the size 
ranges of all skeletal characters investigated overlapped 
(Appendix 6). The least overlap was shown by the 
premaxillary and radius. When these were plotted against 
each other in a two dimensional scatter diagram, or singly 
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in a bar graph, there was still a degree of uncertainty over 
the separation of large fluttering shearwaters from small 
Hutton's shearwaters (Figure 32). In these cases no 
skeletal character was of any use because all are correlated 
with the overall size of the bird (Table 10). 
TABLE 11 Correlation in length between different parts 
of the same bird, in fluttering and Hutton's 
shearwaters. 
Species ·Correlations r value p value 
Combined fluttering Bill len. to 0.418 ** 
and Hutton's tarsus len. 
shearwater 
measurements 
Bill len. to 0.650 ** 
n = 1 28 wing len. 
Data from Appendix IV 
Tarsus len. to 0.456 ** 
wing len. 
NOTE: ** = p < 0.01 (i.e. highly significant correlation) 
len. = length 
To remove the dominating influence of overall size, 
birds were analysed on the ratio of various body parts, 
e.g., bill length: skull length ratio, leg length: wing 
length ratio. The ratios were then expressed as 
percentages. When plotted (see Figure 32) the two species 
fell into clusters, which allowed identification of unknown 
skeletons with 'apparent' 100% accuracy. 
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FIGURE 32 Size plot and ratio plot of skeletal characters 
from Hutton's shearwater, flutterino shearwater 
and a subfossil shearwater. 
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The ratio approach has the benefit of being able to 
identify genuine skeletal differences between two or more 
species, i.e, if species A is proportionately larger than 
species B, then the two clusters of a ratio plot will fall 
on top of each other and this would not allow separation of 
the individuals into two groups. 
5.3 An Undescribed Subfossil Shearwater 
The bones of an undescribed subfossil shearwater (Wragg 
and Scarlett, in ~.) have been found in the central and 
western Nelson district, South Island, New Zealand . 
. i 
TABLE 12 The collecting localities for the bones of 
an undescribed subfossil shearwater. 
Kiwi hole, Canaan, Takaka 
Sinkhole, Motupipi, Takaka 
Little Redcliff cave, Heaphy River 
Limestone cliff, Heaphy River 
Oparara Cave, Karamea 
Moa hunter camp charcoal, Heaphy River 
This single piece of bone is the proximal end of a 
right humorus and could possibly have been reworked 
from an old deposit. 
Similar bones (i.e., small Puffinus gavia material 
that were not analysed during this study have been 
found at: 
Gowen Rock shelter, Weka Pass, North Canterbury 
Limestone Cave, Kaikoura, Marlborough 
Metro Cave, Charlston, Westland 
_::;.,::_.~.,:.: ___ ."-.:_-1_'<-.>;.~.;:'.: 
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No radiocarbon dating has been done on the material, 
but it is thought to have been deposited since the last Ice 
Age, i.e. < 20,000 years old (Millener, ~. comm.). In 
geological terms, these bone deposits are very recent and 
all taxonomic comparisons have been done in relation to 
living species. 
All available material was measured, using the same 17 
skeletal characters as previously detailed (Appendix 6). In 
all measurements, large subfossil shearwaters overlapped 
those of small fluttering shearwaters. The mean sizes of 
all skeletal .characters were smaller in the subfossil 
shearwater than the fluttering~srearwater, the degree of 
dif(~rence is given in Tabl~ 12. 
TABLE 13 Mean skeletal length differences between an 
undescribed subfossil shearwater and fluttering 
shearwater. 
3% to 6% 
Mandible 
skull length 
Skull width 
Sternum width 
Corocoid 
Scapula 
Humerus 
Ulna and radius 
Femur 
Tibiotarsus 
6% to 9% 
Keel height 
Carpometacarpus 
Tasometatarsus 
Longest toe 
11% to 14% 
Premaxillary 
Proc. rotularis 
;.;;~ ..... -;~ ( ,.::, p " ••• -- <.-~~ . "-'" ; 
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The greatest differences in size were in the outer wing 
- . . 
."~ ~ ~ ~-.,. -'. ~'l' ~-~ _ ...•.. "_. 
and leg bones, bill tip, keel size and the 'tibio. crest' ~:~s~~~::~~~~2~.~I~~~~:~:? '-.~'~;--.' - -. . - -
(i.e., processus rotularis). The reduction in the wing 
length may account for the reduction in keel size, as the 
keel is a major attachment area for wing muscles. The 
reduction in leg size may account for the reduction in the 
tibio. crest. A crest on the tibiotarsus is found in other 
diving birds, (e.g. loons and grebes) and acts as an 
extensive attachment area for the leg muscles. 
. . . .: 
.. ~ : -. -.; -.. ,-: ~ ". ~ 
The relatively shorter legs, wings and beak of the 
subfossil shearwater follows Allen's Rule, which states that 
birds that live in colder regions generally have relatively ! . 
shorter extremities than their nearest relatives in warmer 
regions. These proportional changes in size may have been 
associated with the cooling of the world's climate during 
the most recent Ice Ages. However, the overall smaller size 
of the subfossil shearwater runs counter to the prediction 
of Bergmann's Rule. 
Allometric growth patterns link changes in overall size 
and changes in body proportion (see Chapter 2). To find 
whether gavia, huttoni and the subfossil shearwater fell on 
the same bill growth curve, their allometric growth patterns 
were compared (Figure 33). The measurements used were: 
- bill length (= Premaxillary length) 
- skull length (= Skull length - Premaxillary length). 
",,: .-
;'" 
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FIGURE 33: AlloMetric growth between bill length and skull 
length in a subfosSil shearwater, fluttering 
shearwater and Hutton's shearwater. 
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The two variables were assumed independent with skull 
length as an index of overall body size. 
There are differences in the b values (regression 
slopes) between the three shearwaters. The fluttering 
shearwater shows near balanced growth between skull and 
bill with a slope of 0.907, compared with Hutton's 
shearwater, which, with a slope of 0.568, shows a markedly 
slower bill growth rate than skull growth rate, the 
subfossil shearwater has the highest relative bill growth 
rate wi th a b value of 1.58 (this value was calculated on 
only fbur data points, as this is all the known skull 
material). 
The resolution of a three taxon problem lies in the 
search for synapomorphies that group two of the three taxa 
together (see Chapter 2). An analysis of overall size shows 
the fluttering shearwater to be intermediate between 
H~tton's shearwater and the subfossil shearwater in all 
characters except processus rotularis length (where the mean 
length was 3% larger in ~ gavia than £.. huttoni). Hutton's 
shearwater has a relatively longer bill and longer radius 
than either the subfossil or fluttering shearwater. Which 
of these characters is synapomorphic remains unresolved 
until an outgroup analysis is carried out, this involves the 
use of a sister group(s) to find the level at which 
characters are apomorphic, e.g., is the short bill of the 
'-~·--:':: .. :~'::::i:~:'.,~" "'.-~,., ", 
. __ "'_L_~._~ '. __ :~ _.,:',,-' _:-~,--" . 
fluttering shearwater and subfossil shearwater a shared 
94. 
derived character (synapomorphy) pointing to their common 
ancestry? Alternatively, is the long bill of Hutton's 
shearwater a unique derived character (autapomorphy) that 
can tell us nothing about relationships in this group? 
5.4 Shearwater Phylogenetic Systematics 
5.4.1 Method 
A phylogenetic study was made of the shearwaters 
in the genus Puffinus, and the genera Procellaria and 
Calonectris were included as outgroups. Measurements were 
taken from 74 birds of 25 different species and subspecies 
, , 
(see Appendix 7 for details). The names used follow Jouanin 
and Mougin (1979), with the exception of the changes 
detailed in Haley (1984) for the black-vented, Newell's and 
Townsend's shearwaters. 
In Figure 34, taxa are listed along the vertical 
axis of each plot. The listing order was a compromise 
between their size, (Figure 34, reference plot) and their 
present subgenus (Jouanin and Mougin, 1979). Listing by 
size facilitated a check (on each of the 15 plots in Figure 
34) for possible allometric ratio changes that may have 
reflected limitations to physical construction and other 
constraints rather than true ancestor/descendant 
evolutionary changes (see Chapter 5.2). Size correlated 
ratio changes, were still found useful, because apomorphic 
95. 
characters could still be identified as those that fell 
.:, .. ::::.::-., ... ,.-.-,,:::-<.:.:. 
outside the general trends prescribed by most species. ~~:?~::g~~\;~~:;~':~ 
Fifteen plots were made of different skeletal length ratios. 
Potential apomorphic characters were identified visually, 
then encircled within boundaries (to check that none 
overlapped). Each potential apomorphic character was listed 
by plot number, then letter. The most high ranking 
(inclusive of taxa) character in each plot was listed as 'a' 
and so on down the scale to the autapomorphies. 
The most useful and incisive plots were those 
where within species variation was small in comparison to 
between species differences. In this context plots 1, 3, 6 
, I 
and 9 proved very useful. A phylogenetic tree was 
constructed (Figure 35) from the comparative osteology data 
in Figure 34. Where conflicts arose between characters, the 
parsimony principle was employed to reduce the conflicts to 
a minimum. If more than two branches arose from a single 
point, then the relationships involved were considered 
potentially unresolved. 
5.4.2 Discussion 
Most characters in Figure 36 (Kuroda, 1954) are 
independent of the characters in Figure 35 and hence, the 
two trees of relationship can be compared. I have drafted 
Figure 36, Kuroda's phylogenetic tree (Kuroda, 1954) so that ! . 
a direct comparison can be made with Figure 35. Where 
; ~ ... ', , '.' -.: ... -. 
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FIGURE 34: Compaeisons of skeletal ratios for a phylogenetic study of 
the shearwater group (Note: *= a record for an individual 
bird; where two or more records coincide numerals are used; 
a,b,c,etc., indicate potential apomorphic groups.) 
The following taxa are listed in order of size along the vertical axis 
of each plot 
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FIGURE 35 A hypothesis of the phylogenetic relationships among shearwater taxa, based on the 
comparative osteology 'data presented in Fig,34 (Note: all relationships open to further testing) 
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synapomorphic characters coincide, then the groups that they 
define are reinforced; each added character is a further 
test of the hypothesis of phylogenetic relationships. 
There is no conflict of synapomorphic characters 
at Kuroda's 'group level', i.e., Thyellodroma, Hemipuffinus, 
Ardenna, and Puffinus (Figur~ 36), but at the Neonetris and 
Puffinus 'subgroup' level there is a number of character 
mismatches. 
Neonectris subgroup 
Kuroda placed Puffinus nativitatis Streets in 
-- - '.:_. 
this subgroup, because of its dark colouration, but did not 
, I 
have access to any skeletal information. My skeletal 
analysis shows that nativitatis is a sister group of the 
Manx and little shearwaters (i.e., Kuroda's Puffinus 
subgroup) and supports Kuroda in joining f. griseus and 
Puffinus tenuirostris (Temminck) as members of a 
. 
monophyletic group, i.e., subgroup Neonectris. 
Puffinus subgroup 
Kuroda's grouping of the Manx and little 
shearwaters is supported by data from this study. The six 
P. assimilis subspecies came together as a strong 
monophyletic group, with Puffinus assimilis elegans Giglioli 
and Salvadori, falling as a sister group to the rest. It 
;', 
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was also interesting to note the three autapomorphies shown 
by Puffinus asslmilis haurakiensis Fleming and Serventy, 
which points to the unique nature of this bird and its 
skeleton but (unfortunately) does not show its relationship 
to other assimilis sUbspecies. 
The fluttering shearwater and the subfossil 
shearwater are more closely related to each other than 
either is to huttoni and/or opisthomelas, and these four 
taxa are more closely related to each other than to any 
other taxa within the Manx and little shearwater grouping. 
Newell's shearwater and Townsend's shearwater show one 
synapomorphy, which is considered a weak linkage (Wiley, 
1981 ), Puffinus auricularis newelli also has three 
autapomorphies and this shows the unique overall character 
of this subspecies' skeleton. The skeletal features 
characterising this bird include a long sternum, and the 
most forward pointing keel of any shearwater taxa in this 
g.tudy. Kuroda (1954) suggested that these two characters 
may be linked. This shearwater also showed the relatively 
longest coracoid of any shearwater in the study, but this 
feature may also be correlated to the first two 
autapomorphies mentioned. 
Puffinus puffinus yelkouan shows three 
autapomorphies which (like newelli, haurakiensis and 
elegans) shows the unique state of this subspecies' 
skeleton. These unique derived characters included the most 
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flattened humerus shaft of any shearwater in the study, and 
a short wing in comparison to leg length. 
The Manx shearwater group, as defined by Murphy 
(1952), produced no synapomorphic characters in this study. 
The relationship between the assimilis subspecies (which are 
mostly black-backed), the "black-backed" Manx shearwaters 
(Bourne 1962) and the gavia, huttoni and opisthomelas group 
remains unresolved. 
Extra Characters 
During the course of this study I have noted a 
number of skeletal characters that are not part of the ratio 
plots in Figure 34. These characters can be used to further 
test and refine the hypothesis of phylogenetic 
relationships, presented in Figure 35. They include; 
(a) A medial fusion of the fossa medialis found 
in P. a. newelli, but in no other members of the Manx 
shearwater group. This is the fourth autapomorphy for 
newelli. 
(b) Serventy (1939b), noticed the wide 
posterior width of the sternum in ~. gavia and .P. huttoni. 
This is also found in the subfossil shearwater but in no 
other members of the Manx shear water group. This 
"'1:1 J . ...'. ~---' -.:-
synapomorphy points to the common ancestry of the above 
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three New Zealand shearwaters. 
-'. ,:.' 
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(c) A flat middle section of the coracoidal 
sulcus ventral lip was noted in P. a. newelli and 
occasionally in ~. a. auricularis, but in no other members 
of the Manx or little shearwater groups, (possible 
synapomorphy). 
(d) A horizontal plate of bone internal of the 
nostril was found in Procellaria westlandica Falla, 
Procellaria cineria Gmelin, Procellaria aeguinoctialis 
Linnaeus and Calonectris diomedia. If this is a shared 
derived character, it would point to a common ancester of 
the two genera not shared with other shearwater species, but 
no outgroup analysis was carried out. This character has 
also been noticed by Harper (pers. ~.). 
(e) The Manx and little shearwater groups plus 
P: nativitatis have straight shafted radiuses. All other 
shearwater species have bent shafted radiuses. This 
reinforces a hypothesis of common ancestry (Figure 35) in 
this monophyletic group. 
5.4.3 Summary 
By adding together synapomorphic characters from 
the ratio analysis (Figure 35), Kuroda (1954) (Figure 36) 
and the extra (non ratio) characters we can list the , ........ '- .. : .. -.-' .. -'-
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relationships that they define and check for are 
correlation or conflict. 
Strong monophyletic taxa, i.e., with 3 or more 
synapomorphies are: 
1. genus Calonectris (5 synapomorphies) 
2. genus Puffinus (4) 
3 . Kuroda's 'Thyellodroma' group (3) 
4. genus Puffinus minus Kuroda's 'Thyellodroma' group (5) 
5. Kuroda's 'Hemipuffinus' group (3) 
6. Kuroda's 'Ardenna'and 'Puffinus' groups (4) 
7. Kuroda's 'Puffinus' group (8) 
9. The species ~. griseus and ~. tenuirostris (5) 
10. Puffinus nativatatis and Kuroda's 'Puffinus' subgroup (3) 
11. Kuroda's 'Puffinus' subgroup (9) 
12. The Puffinus assimilis subspecies (3) 
Weak monophyletic taxa, i.e., with fewer than 3 
synapomorphies are: 
13. Puffinus gavia and the subfossil shearwater (2) 
14. The Puffinus auricularis subspecies (2) 
15. Puffinus huttoni, ~. gavia and the subfossil shearwater (1) 
16. Puffinus opisthomelas, ~. huttoni, P. gavia 
and the subfossil shearwater (1) 
17. The Puffinus assimilis subspecies minus P. a. 
elegans (1) 
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Taxa with 2 or more autapomorphies include: 
1. Puffinus auricularis newelli (4 autapomorphies) 
2. Puffinus puffinus yelkouan (3) 
3. Puffinus assimilis elegans (3) 
4. Puffinus assimilis haurakiensis ( 3 ) 
5 • The undescribed subfossil shearwater ( 2 ) 
Apomorphic characters are not necessarily 
independent of each other, i.e, Kuroda postulated a 
relationship betwee~ forward pointing keels and long 
sternum. Therefore a list of evolutionary novelties, i.e., 
apomorphies, may represent very few 'independently'derived 
evolutionary characters. 
The exclusive use of shared derived characters 
to build phylogenetic trees of relationship, requires few 
assumptions, i.e., genealogical descent with modification. 
With these minimum of assumptions the cladistic approach has 
provided a powerful insight into shearwater genealogical 
relationships. 
, , 
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CHAPTER SIX 
SUMMARY AND CONCLUSIONS 
6.1 Summary 
The external measurements, plumage, and red cell 
enzymes of fluttering and Hutton's shearwaters were 
compared. Areas sampled were; Poor Knights Islands 
(Northland), Moturipa Island (East Coast, North Island) and 
Long Island (Marlborough Sounds) for Puffinus gavia, and the 
Upper Kowhai River (Seaward Kaikoura Mountains) for Puffinus 
huttoni. 
No single external measurement or plumage character 
separates more than 60% of the birds to their appropriate 
taxon. However, by using a large number of characters, 
identification accuracy was increased. The most reliable 
method of identification was to compare the ratio of 
different body parts, e.g., bill length over skull length, 
and only by using skeletal measurements was 100% accuracy 
achieved. 
The comparative distribution of fluttering and Hutton's 
shearwaters around the New Zealand coasts, at sea, and 
during the annual cycle was collated from many data sources. 
Hutton's shearwater has been regularly seen along the 
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subtropical convergence zone up to 200 km from the 
Canterbury coast and appeared to be absent from New Zealand 
in winter. In July and August, thousands of P. huttoni have 
been seen off north west Australia, the probable locality of 
their winter feeding grounds. Summer records of P. huttoni 
in Australia are restricted to the southern half of the 
continent. Fluttering shearwaters have been seen in large 
numbers around New Zealand coasts in every month of the 
year. There are no recorded sightings of gavia > 50 km 
offshore. The fluttering shearwater is considered to be a 
semi-migratory species, with only the juveniles spending 
time in south east Australian waters. 
The comparative red cell enzyme study showed there to 
be a difference in mobility in two esterase loci between 
gavia and huttoni. The sooty shearwater, ~. griseus, was 
more distantly related. All three shearwaters are 
genetically homogenous. An instability in Nei's genetic 
identity values was found when using different calculation 
-. .. 
methods, and esterase data had a large effect on the final 
: _.- _c~ .~_-. ,~_r.~;: _-~:. _ . .--._.<_.; 
identity values calculated. The mean genetic identity 
values among shearwaters were found to be intermediate 
between mean values for passerines and the mean values for 
mammals. The systematic value of electrophoretic data was 
-.~>":-. -", - .<. 
discussed. 
Comparative osteology was used to analyse the 
relationship between fluttering shearwater, Hutton's 
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shearwater and an undescribed subfossil shearwater from 
north west Nelson. The fluttering shearwater is larger in 
all measurements than the subfossil shearwater. Allometric 
growth patterns were compared among gavia, huttoni and the 
subfossil shearwater, and the relative bill growth rates 
were found to be substantia11y different. 
A phylogenetic outgroup comparison was made with nearly 
all other shearwater species in the world~ The tree of 
relationship show~ the subfossil shearwater and fluttering 
shearwater to be a sister group of the Hutton's shearwater, 
and these threespecles are a sister group to ~. 
I:: 
opisthomelas. The subfossil shearwater, gavia, huttoni and 
opisthomelas form a monophyletic group. The relationship 
between the many ~. assimilis subspecies, the black-backed 
Manx shearwaters, and th~ gavia, huttoni, opisthomelas group 
remained unresolved. Puffinus nativitatis was found to be 
more closely related to the Manx and little shearwaters, 
·t~an to the P. griseus, P. tenuirostris group. 
6.2 Conclusions 
The principle aims of this thesis were to elucidate the 
relationship between the fluttering shearwater, Hutton's 
shearwater and an undescribed subfossil shearwater. Major 
differences were found between the first two species in: 
feeding ranges, migration pattens, colony sites and the 
ratio of body parts in individual birds. Minor differences 
::".-,-
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were found in: external measurements, plumage colouration, ~' ................ ".'.-.".-.' ... '" 
moult timing and red cell enzymes. While I fully realise 
rr:;~%:~:~::~;~;;:;/~ 
the capacity of persistent taxonomists to find differences 
between even the most closely related populations, I 
consider the full species status of Puffinus gavia and 
Puffinus huttoni to be consistent with the major differences 
discussed above. I found no evidence to s~pport the 
existence of Puffinus gavia byroni and hence its retention 
as a subspecies of the fluttering shearwater. 
An osteological phylogenetic out group comparison showed 
~he undescribed subf6ssil shearwater to be most closely 
related to the fluttering shearwater, and these two and 
huttoni were found to be a sister group of ~. opisthomelas. 
Other observations arising from the phylogenetic study 
included: 
(a) No evidence was found to support the monophyletic 
origin of the Manx shearwater group, (Murphy, 1952). 
(b) The Puffinus assimilis subspecies were found to be 
strongly monophyletic, with elegans falling as a sister 
group to the rest. 
(c) Contrary to Kuroda (1954), ~. nativitatis was 
found to be more closely related to the Manx and little 
shearwaters group than to the ~. griseus, P. tenuirostris 
group. 
A productive area of future research will be to add 
" ., , 
I 
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osteological data from other shearwater species to Figure " . ,' ...... ~ .... . i:;(~:;i~:)::~~~;i;~;f:;';;~ 
34. Thos~ species include: Puffinus puffinus mauretanicus 
Lowe; Puffinus lherminieri subspecies (especially P. 1. 
heinrothi Reichenow, and P. 1. persicus Hume); and Puffinus 
assimilis myrtae Bourne. 
6.2.1 The Taxonomic Use of Electrophoretic Data 
Dratch (1983) considered it possible that 
isozyme variation is only indirectly and probably 
retroactively related to morphological variation, adaptation 
or speciation. I agree with this view and conclude (as he 
did) that 'if this is the case, then electrophoresis, at 
least of structural loci, such as the enzymes analysed in 
this study, probably has far fewer taxonomic applications 
than its original promise suggested'. This applies as much 
to problems of species definitions and concepts as to the 
erection of trees of genealogical relationships. 
Baker (~. comm.) has suggested that the 
future for electrophoretic genealogical studies may lie in 
the comparison of large numbers of taxa, and the application 
of cladistic theory, in attempts to identify synapomorphic 
mobility changes in protein bands, i.e., if large numbers of 
taxa are used then the outgroup principle can be applied to 
identify apomorphic characters. 
1l8. 
6.2.2 Adaptations To Environmental Pressures 
Over Time. 
Much of fluttering, Hutton's and the subfossil 
shearwaters' general biology is more readily explained by 
the application of adaptationist speculation. 
(a) During the recent Ice Ages (and at times 
previous) Cook Strait was closed, hence the difference in 
size of ~. huttoni, ~. gavia and the subfossil shearwater 
may have developed as a cline. Also, the short-winged 
species (gavia and thesubfossil shearwater) were closer to 
their (?) migratory destination, i.e., Australia. 
(b) The shortened wing length of gavia is 
probably correlated to its semi-migratory behaviour and/or 
its more aquatic feeding habits, e.g., long processus 
rotularis, but the answer to whether this change helped 
c~use the spec~ation from huttoni, or post-dated it, could 
only be a guess. 
(c) The long bill of huttoni may have arisen to 
reduce competition between it and gavia in sympatric feeding 
areas along the central New Zealand coastline. 
(d) I know of no instances of Manx or little 
shearwaters regularly climbing trees, as does Calonectris 
leucomelas (Temminck) (Kuroda 1954) or P. bulleri (Harper 
119. 
~. comm.). I also know of no Manx or little shearwaters 
~~-'~.~-,'-' '" .. ', "'-,-
regularly nesting under thick forests, which is probably f,~1;::~~:~;~~~._:.:.11~~ift~ ~ . -~. ~-' . ',-
related to their lack of tree-climbing ability. Changes in 
vegetation cover on islands around the New Zealand coast, 
may have affected the survival of ~. gavia colonies. The 
subalpine vegetation prevalent during the last Ice Age may 
have provided the best colony sites for Hutton's shearwater. 
After the last Ice Age, with a warming of global 
temperatures, the bush line began to rise, and due to the 
unsuitability of thick forest for huttoni breeding colonies, 
this species was probably forced to nest at higher 
altitudes. 
While the above is speculative comment, I feel 
it helps explain a lot of the differences between 
fluttering, Hutton's and the subfossil shearwater. Further 
insight may be gained by the discovery of more fossil 
material. 
6.2.3 Taxonomic Theory 
Theoretical concepts and statements are more 
than fictions that serve to give order and coherence to 
observations. Biologists are dealing with real entities, 
.-.. -, 
which may be used as a tool for discovering real patterns 
and processes inherent in the actuality of nature (Wiley, 
19B1). By using a minimum of assumptions (genealogical 
descent with modification) phylogenetic systematics gives an 
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insight into the evolutionary process, by building trees of I.:~:_~"_·':-~~-::"·'.'L.~.-:_-
: ~~~~1~~~~;~~~~;;~~:l~~:: 
relationship. No assumptions are required concerning 
.. ,-..:.--~>; .. -..,-''':: ".",..,:_:: 
uniform structural changes in lineages over time. Thus 
phylogenetic trees can be expanded to include fossil, and 
other data, to introduce a time element. This allows rates 
-- - ~ - " . -. -.. - - - - - . 
of change in independent lineages to be compared without 
introducing circular reasoning. A study of the rates of 
change within lineages over time offers a potential area for 
future research in shearwater systematics. 
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APPENDIX I 
Muttonbirds (Hutton's shearwater?) breeding 
in the Inland Kaikoura Mountains 
Extracts from an article titled "A trip to Tapaeanuka, 
(sic) by one of the party", that appeared in the 
"Marlborough Express" of Saturday 27 January, 1883. 
"Leaving the Jordan (Station) on Saturday morning with 
a pack-horse, we began our first tramp to the "Shin" whare 
on the Meed Creek, about 13 miles distant 
"Our tramp was commenced on Sunday morning from the 
Shin Whare up the Camden range and down a precipitous gorge 
into the Dee Creek where we camped at an altitude of about 
4,000 ft At the bottom of this gorge were mountain birch 
trees~ and under these •.• we camped for the night •.. 
"Starting away at 4.30 a.m. (Monday morning) we made up 
a long spur, and it was on this spur of rich loamy soil that 
we came across the breeding places of the mutton birds. 
They burrow in the ground like a rabbit, remaining out of 
sight all day, but at night venture out and set up a 
terrible row. One or two of the birds only were to be seen, 
but numerous feathers around the burrows gave evidence of a 
great many more. From these holes we had a straight climb 
of nearly 3,000 feet to the top of the ridge adjoining the 
mountain itself". 
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APPENDI X II 
Annotated bibliography of taxonomic references for 
Fluttering and Hutton's shearwater; 1860 - 1950. 
Gray, Voy. Ereb and Terror, 1 
Gray, Cat. B. Trop. Is1. Pac., 1859, p.56 
Gray, Ibis, 1862, p.246 
Coues, Proc. Acad. Philad., 1866, pp.154, 171 
Hutton, Ibis, 1867, p.189 
Hutton, Trans. N.Z. Inst. 1968, p.161 
Giglio and Salvadori, Ibis, 1869, p.56 
Fin s c h, J n 1. f. 0 r n it h ~ 1 87 D, p. 3 71 . 
Hutton, (1871) p.79 .. 
In Capt. Hutton's personal copy of his "Catalogue 
of the birds of New Zealand" which I rediscovered 
in the avian osteology section of the Canterbury 
Museum. He had handwritten the note "The long bill 
almost necessarily implies a species of Puffinus". 
This was written opposite his Procellaria gavia 
section on page 79. 
Gray, Handl. Birds. III, 1871, p.107 
Finch, Jnl. f. Ornith, 1872, p.256 
Hutton, Ibis, 1872, p.83 
Finch, Trans. N.Z. Instit., 1872, p.210 
Buller, Trans. N.Z. Instit., 1873, p.136-7 
Buller (1873) p.318 
Finch, Trans. N.Z. Instit., 1874, p.233 
Hutton, Ibis, 1874, p.42 
Bullet, Ibis, 1874, p.120 
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Sharpe (1875), pp.33, 127 , . [i};::j~;;::::.£,:~:;:~:' 
Layard, Ibis, 1878, p.264 , ". - - - .. 
Buller (1882), p.85 
Salvin, Ibis, 1888, p.356 
Buller (1888), 236-7 
Buller, Trans. N.Z. Instit, 1891, p.42 
Mathews (1912a, 1912b) 
Mathews, Aust. Avian, Record., 1912, Vol.1, p.107 
Mathews, (1913), p.187 
Mathews and Iredale, Ibis, 1913, pp.225-6 
Hull, Emu (1916), pp.205-6 
Mathews, Bull~ Brit.Ornith. Club., 1916, p.89 
White, Emu, 1916, pp1-15 
Mathews, Birds of Australia, 1919, vol.7 
Mathews and Iredale, The Manual of the B. of Aust., 1921, 
Morgan, The South Aust. Ornith., 1923, pp.78-80 
Morgan, The South Aust. Ornith. 1926, pp.239 
Wood-Jones, The South Aust. Ornith., 1926, pp.342 
Hartert, Nov. Zool., 1926, pp.344-57 
Mathews, Systema Avium Aust., 1927 
Morgan, The South Aust. Ornith., 1932, p.203 
Mathews, Ibis, 1932, pp.523-26 
Mathews, Nov. Zool., 1934, pp.151-206 
Mathews, Ibis, 1935, pp.577-B2 
Mathews, Ibis, 1935, pp.884-87 
Serventy, Emu, 1935, pp.28-33 
Whitlock, Emu, 1935, pp.184-85 
'. ' ~ ~~. 
l36. 
Mathews, Emu, 1936, pp.40-48 
:', '--, , . ~;-. -.-- ~ ~ -.,-' .. -'~', 
. ,;- ~ ': :.' ~.:' . : ,:::.-~. -'.' _ .. -. -". 
Mathews, Emu, 1936, pp.91-98 ~:~~~~:~:;::~~~~7~~~~~~:?~~~-:;:i; 
Whitlock, Emu, 1937, pp.116-117 
Mathews, Emu, 1937, pp.114-116 
Mathews, Emu, 1937, pp. 221 -223 
Mathews, Emu, 1 937, pp.273-280 
Mathews, Bull. Brit. Ornith. Club., 1937, p.143 
Mathews, Emu, 1 939, pp.565-67 
Serventy, (1939a) 
Serventy, Emu, 1939, pp.126-127 
Wood Jones, Emu, 1940, pp.277-78 
Mat hew s, Emu ,. 1 94 1, pp .. 94 - 9 5 
Serventy, Emu, 1941, pp.403-08 
Serventy, Emu, 1942, p.127 
Basset Hull, Emu, 1943, p.192 
Serventy, Emu, 1943, p.254 
Mathews, Ibis, 1946, pp.400-02 
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APPENDIX III 
External Measurements from Three Populations of 
Fluttering Shearwater and One Population of 
Hutton's Shearwater 
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APPENDIX IV 
Statistical (t tests) for Difference Between 
Male and Female in Bill Length, Tarsus Length 
and Wing Length in Three Species of Shearwater 
Male Female 
( t 
Fluttering Bill L . X 34.42 33.5B 
shearwater SE o . 1 5 0.12 
n 44 47 
Long Island and 
Moturipa Island 
Tarsus L. X 42.44 42.22 
SE 0.14 ·0.16 
n 44 47 
Wing L. X 217.0 216.0 
SE o . 51 0.58 
n 44 47 
Hutton's Bill L . X 37.67 36.97 
shearwater SE 0.27 0.38 
n 18 19 
Kowhai River 
Tarsus L . X 43.11 43.28 
SE 0.21 ·0.31 
n 18 19 
Wing L. X 224.8 223.4 
SE 0.76 0.88 
n 18 19 
Manx Bill L. X 34.95 34.13 
shearwater SE 0.21 o . 17 
n 47 47 
Skokholm Island 
Data from 
Brooke (1978) Tarsus L. X 45.73 44.65 
SE 0.21 0.17 
n 47 46 
Wing L . X 240.1 240.6 
SE 0.7 0.64 
n 47 47 
NOTE: NC .) not ~;iC)nificant; i, i, highly significanl. 
P 
test) 
if i~ 
NS 
_. ": __ , ~ •••• _ 4 
NS ... 
• ' ••. ·0.4'.'0-._· 
NS 
NS 
NS 
~f ~f 
"'0'- .. 
. - . " 
{r if 
NS .. _ ... 
.. -.-. , .. 
( p < [) • U 1 ) 
~ . r 
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APPPENoIX V 
Electrophoresis buffers and stains 
(a) Buffer Recipes 
Two buffer systems were used during this study. 
( i) Phosphate buffer (pH 7.0) 
78 gms of NaH 2 P0 4 2H 2O 
71 gms of Na 2 HP0 4 
1 0 gms of EoTA 2Na 
Dissolve in 51itres of H20, then add 
10 gms of MgCI2 already dissolved ~n a 
small quantity of H2 0. 
Add H2 0 to make 10 litres, and set pH to 7.0 
with 10 normal NaoH. 
(ii) Tris Borate EoTA buffer (pH 8.6) 
109 gms of Tris [NH 2 (CH 2 oH)3] 
30.9 gms of Boric acid 
7.4 gms of EOTA 
Make up to 7 litres with H2 0 
To make gel buffer, dilute with H2 0 
150 mls of Phosphate buffer to make 1000 mls 
150 mls of Tris Borate EDT A buffer to make 800 mls. 
140. 
(b) Enzyme Stain Recipes 
The following ten enzyme stain recipes were adapted 
for this study from Harris and Hopkinson (1976), 
Meredith (1984), Shaw and Prassad (1970), and 
Whitehouse (1979). 
(i) Stock Solutions 
A - Stain buffer; 18.171 gms of tris. Top up 
with 500 mls with H2 0 1 set to 
pH 8.0 with 0.1M HCI (i.e. 
this makes 0.3 M tris/HCI at pH 
8.0) 
8 NaDP 
C NaD 
D PMS 
E MTT 
PGdeH 
2 mg of NaDP to 1 ml of H2 O. 
2 mg of NaD to ml of H2 O. 
2 mg of PMS to ml of H2 O. 
2 mg of MTT to ml of H2 O. 
(Glucose 6 Phosphate Dehydrogenase) 
Make up 100 mls of 0.005M 
citrate, set to pH 7.5 with 
NaOH, add 4 mls of this citrate 
buffer to a 1000 unit container 
of PGdeH (this equals 5 units 
per 20 ul). 
L - Malic acid buffer; 
Add 200 mg of L-Malic acid to 
15 mls of Stock solution A 
(i.e. Tris/HCI ) set this to pH 
8.0 with NaOH. 
':0"' '-;', ',_ ~,~: • .,;~.'. _ ••..• ;~.:~._: 
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tris/Maleate buffer; 
citrate buffer; 
Add 1.5 gm tris and and 1.438 
gms Meleic Acid to 500 mls of 
H2 0. Adjust to pH 6.5 with 
NaoH. 
0.11M Trisodium citrate, 0.24M 
Na H 2 PO It. A d jus t t 0 pH 5. 5 wit h 
0.2M citric acid. 
Table of enzyme recipes 
STOCK SOLUTIONS EXTRAS 
A B C D E 
LDH 2.0 - .25 .25 .50 10 mg Calcium Lactate 
MDH - - .25 .25 .50 3 mls of L-Malic acid buffer 
PGD 2.0 .25 - .33 .33 5 mg 6-Phosphogluconic acid, 
.75 mls O.OlM, MgCl 2 
AK 2.0 .50 - .25 1.0 5 mg Adenosine 5-Diphosphate 
5 mg Glucose; 5 mg Hexokinase 
.5 ml O.lM MgCb ; 20 ul PGdeH 
PGM 2.0 .50 - .33 .33 5 mg ~-D-Glucose-l-Phosphate 
.75 ml O.OlM, MgCl2 
25 ul PGdeH 
ALD 2.0 - 1.0 .15 .50 10 mg Fructose 1, 6-diphosphate 
5 mg Sodium arsenate 
20 ul Glyceraldehyde 3PD 
SOD 2.0 - - .5 .5 Expose to light for several 
minutes then incubate at 37°C 
(as usual) 
--'--
NOTE All unspecified measurements are in mls. 
; . ,,- . 
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(iii). Catalase (CAT) 
Soak gel for 30 to 40 seconds in a mixture of 
-70% Hydrogen Peroxide (3%),-30% Sodium 
Thiosulphate (0.06M), then rInse gel with tap 
water, soak (and agitate) gel in Potasium 
Iodide (0.09M). Clear bands appear on dark 
background after 1 or 2 minutes. 
(iv) Esterase (EST) 
Soak gel in 2 ml MEOH 
2 ml ttis/maleate buffer 
(see stock solutions) 
5 mg fast blue BB salts 
.05 ml ~naphthyl acetate 
Incubate at 37° (as usual), dark bands appear on 
yellow background. 
(v) Acid Phosphatase (AcP) 
Mix together: 5 mls of citrate buffer (see stock 
solutions) and 10 mg Phenolphthalein diphosphate 
(Na salt). Cover gel surface with filter paper 
soaked in above solution, then cover filter 
paper, gel and backing plate with a layer of 
plastic (Saranwrap). Incubate (as usual) for 3 
hours. Remove plastic and filter paper, then 
cover gel surface with 5 mls of 2M NaOH. Pink 
bands appear almost immediately. 
t\~,-,:-.-,.:.:...". ~-~ >. , .'--- . : .• ". 
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APPENDIX VI 
Skeletal Measurements of a Subfossil Shearwater, 
Fluttering Shearwater and Hutton's Shearwater 
Subfossil Fluttering Hutton's 
shearwater shearwater shearwater 
Range 61.2 - 62.9 62.8 - 69.4 67.5 - 74.4 
Mandible L. Mean 61.9 65.3 70.0 
(n) 4 24 26 
Range 70.7 - 74.3 72.5 - 81.5 76.9 - 85.8 
Skull L. Mean 72.2 76.8 81.9 
(n) 4 24 26 
Range 20.5 - 21.7 21.4 - 23.5 21.4 - 23.4 
Skull w. Mean 21.3 22.5 22.7 
(n) 13 24 26 
Range 20 .3 ,- 22.7 21.3 - 26.1 26.1 - 30.9 
Premaxillary L. Mean 21.8 24.0 28.7 
(n) 13 24 26 
Range 23.9 - 25.6 23.8 - 28.8 24.2 - 28.9 
Sternum W. Mean 24.6 25.7 26.4 
(n) 4 24 26 
Range 21.0 - 24.4 21.9 - 27.3 23.4 - 27.0 
Keel H. Mean 22.4 24.1 25.1 
(n) 12 24 26 
Range 24.6 - 27.8 25.5 - 29.8 26.4 - 30.1 
Coracoid L. Mean 25.9 27.4 28.1 
(n) 35 24 26 
Range 36.4 - 42.5 38.7 - 47.3 37.9 - 46.1 
Scapula L. Mean 39.6 42.1 43.1 
(n) 13 24 26 
Range 65.3 - 72.5 68.6 - 75.5 71.9 - 79.4 
Humerus L. Mean 69.7 72.4 76.1 
(n) 44 24 26 
Range 54.7 - 60.5 58.8 - 63.4 62.8 - 69.6 
Radius L. Mean 58.3 60.6 66.0 
(n) 43 24 26 
Range 57.6 - 63.9 60.2 - 66.1 65.8 - 72.0 
Ulna L. Mean 60.6 63.3 68.7 
(n) 49 24 26 
------
------------------------- --------------------------._---
---. -
," 
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APPENDIX VI Continued 
Subfossil Fluttering Hutton's 
shearwater shearwater shearwater 
Range 33.6 - 37.8 36.4 - 39.9 39.0 - 42.5 
Carpometacarpus Mean 35.7 38.3 41.1 
L. (n) 35 24 26 
Range 26.4 - 29.8 27.1 - 31.6 27.8 - 31. 9 
Femur L. Mean 28.2 29.3 29.8 
(n) 40 24 26 
-, 
-,-,. 
Range 53.4 - 59.4 56.4 - 64.5 56.6 - 64.1 ~:~-:" .:~.~ • ..:: ; .'.'-0_ •• ,.:.; 
Tibiotarsus L. Mean -56.5 59.9 60.5 
(n) 40 24 26 
Range 11.4' - 14.0 11.6 - 15.4 12.4 - 14.8 
Proc. rotu1aris Mean 12.4 13.9 13.5 ,-, ~: 
L. (n) 19 24 26 
Range 37.6 - 40.7 40.1 - 45.5 40.2 - 45.6 
Tasornetatarsus Mean 38.9 42.4 43.5 
L. (n) 40 24 26 
Range 16.0 - 18.5 17.1 - 19.3 17.5 - 20.7 
Longest toe L. Mean 16.9 18.0 19 . .3 
(n) 25 24 26 
! -
"--_.-.'------
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APPENDIX VII 
SOME OF THE SKELETAL MEASUREMENTS USED DURING 
THE COMPARATIVE OSTEOLOGY STUDY 
a, Museum code 
b, 
AMNZ Auckland Museum,NZ 
~MNH British Museum of Natural History,UK 
CMNZ Canterbury ~1useum,NZ 
CMUS Carnegie Museum,USA 
LACM Los Angeles County Museum,USA 
NMNZ National Museum,NZ 
PMBC Provincial Museum of British Columbia,Canada 
SDUS San Diego Museum,USA 
SIUS Smithsonian Institute,USA 
ULFR Universite Claude-BernardlLyon,France 
UMUS University of Michigan,USA 
Area code 
ATL 
AUS 
CAN 
HAl4 
MED 
t~E X 
NZ 
SA 
TUR 
UK 
USA 
Atlantic Ocean 
Austrailia ' 
Canada 
Hawa i i 
Mediterranean Sea 
Mexico 
New Zealand 
South Ameri ca 
Turkey 
United Ki ngdom 
United States of Amarica 
c, Column code 
no 
sp 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C9 
ClO 
Cll 
C12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
C20 
C21 
C22 
C23 
C24 
Specimen number 
Species number 
Mandible length 
Skull length 
Skull width 
Premaxillary length 
Frontal bridge width 
Supraorbitalis width 
Sternum width 
Keel height 
Sternum 1 ength 
Sternum hei ght 
Coracoi d length 
Scapula length 
Humerus 1 ength 
Humerus shaft min. dia.(3/4 along from proximal end) 
Humerus shaft min. dia.(3/4 along from proximal end) 
Radi us 1 ength 
Ul na 1 engt h 
Carpometacarpus length 
Femur 1 ength 
Tihiotarsus length 
Processus rotularis lenflth 
Tarsometatarsus 1enflth 
Longest toe len~th 
,",' " ... ~ ~-. ---... - ...... , 
>: ,-;::.-.",".'. -'.~, 
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no. Species Museum/number Locality Area Date Sex 
1 Procellaria westlandica NMNZ 22668 Scotchmans Creek NZ 19.06.82-
2 II cineria BMNH 1891.7 Cape Horn SA May.1870-
3 Calonectris diomedea borealis NMNZ 22143 Massachusetts USA - -
4 II II II BMNH 1895.7 GtSalvage Is. ATl 26.04.95 F 
5 I-j II II BMNH 1895.7 lime Is. ATl 11.04.95 M 
6 Puffinus pacificus pacificus NMNZ 21455 Dargaville NZ 20.04.78 M 
7 I I II I I NMNZ 16208 Macauley Is. NZ Nov.1970-
8 II II II NMNZ 16209 Macauley Is. NZ Nov.1970-
9 Puffinus bulleri NMNZ 531-S Palliser Bay NZ 07.03.59-
10 I I I I NMNZ 773-S Hawkes Bay NZ 17.05.78-
11 II II NMNZ15882 PalliserSpit NZ 22.11.70M 
12 Puffinus carneipes hullianus NMNZ 12846 Awhita Pen. NZ Feb.1967-
13 I I II I I NMNZ 12847 Awhita Pen. NZ Feb.1967-
14 I' I I I I NMNZ 12848 Awhita Pen. NZ Feb.1967-
15 Puffinus creatopus PMBC la Perouse Bank CAN 11.09.73 _ 
16 Puff1nus gravis NMNZ 22144 le Havre Bank ATl 
17 'I II BMNHI968.3Llanon I UK 19.11.67-
18 I I II BMNH 77 .100 Tri stan Da Cunha ATl Dec.1965 F 
19 Puffinus tenu1rostris NMNZ 14986 Himitangi NZ 19.10.68 M 
20 I I I I NMNZ 14988 Oret i Beach NZ 15.lO.68 M 
21 II II NMNZ 14989 Oreti Beach NZ 15.lO.68 F 
22 Puffinus griseus NMNZ 22119 Pipinui Point NZ 1960s -
23 I I I I NMNZ 13312 Te Horo NZ 28.11.67 F 
24 I I I I NMNZ 15922 Te Horo NZ 12.11.67 M 
25 Pufflnus nativitatis NMNZ 19307 Dargaville NZ 28.02.76-
26 I II NMNZ 22142 laysan Island HAW 11.04.23 F 
27 II II BMNH 1972.1 Laysan Island HAW 
28 Puffinus puffinus ye1kouan SIUS 289433 Constantinople TUR 
29 II II II UlFR 13.1 les Saintes MED 12.02.57 F 
30 Puffinus puffinus puffinus UMUS 152346 Skomer Island UK 26.06.54-
31 II II .11 UMUS 152345 Skomer Island UK 26.06.54-
"-:-1 
32 Puffinus auricularis newe11i NMNZ 22764 Hawaii Islands HAW 14.06.82 -
33 II II II SIUS 556054 Kauai Island HAW 01.11. 78 M 
34 II II II SIUS 553677 Kauai Island HAW 25.07.77 M 
35 II II II SIUS 502215 Kauai Island HAW 02.11.76 F 
36 I I II II UMUS 205652 Kauai Island HAW 17 .06.79 M 
37 Puffinus auric. auricularis CMUS 4973 Socorro Islands MEX 12.04.78 M 
38 II II II CMUS5128 Socorro Islands MEXlO.04.78M 
39 II II II CMUS5130 Socorro Islands MEX12.04.78M 
40 II II' II CMUS5131 Socorro Islands MEX12.04.78M 
41 II II II CMUS 5134 Socorro Is1a'nds MEX 15.04.78 M 
42 Puffinus opisthome1as lACM 541 laguna USA Api.1931-
43 I I I I lACM 542 laguna USA Api .1931 _ 
44 I I I I lACM 543 laguna USA Api .1931 _ 
45 II II SDUS36358 laJo11a USA09.12.67F 
46 I I II SDUS 37711 Scammonls lagoon MEX 14.02.71 M 
47 Puffinus huttoni CMNZ 10305 New Brighton NZ 03.11.51-
48 II II Cr~NZ 11466 Waimairl NZ 17.11.51-
49 I I II CMNZ 13526 lake Grassmere NZ Nov.1954-
50 II II CMNZ 13525 lake Grassmere NZ Nov.1954-
51 I I I I CMNZ 28550 Ashburton Beach NZ Mar.1974-
:.~ -: ~ -c ,-' _-_ 
52 Puffinus gavia CMNZ 22322 Waikuku Beach NZ 16.02.78-
53 I I I I CMNZ 14482 lake Grassmere NZ Jan.1955-
54 II II CMNZ 14483 lake Grassmere NZ JAN.1955-
55 I I II CMNZ 20053 Bay of Plenty NZ 23.12.64-
56 I I I I CMNZ 20623 Northland NZ 30.12.65-
57 Puffinus n.~p" (subfossi1) CMNZ 16723 Canaan,Takaka NZ Jan.1960-
58 I I I I CMNZ 17946 Heaphy River NZ 14.11.61 
59 I I I I I I CMNZ 16753b Heaphy Ri ver NZ 02.12.59-
60 II II II CMNZ 16759a Heaphy River NZ 27.11.59-
61 II II II CMNZ 17943 Heaphy River NZ 14.11.61 
62 Puffinus ass. kermadecensis NMNZ 15911 Meyer Island NZ 26.12.56-
63 II II I I NMNZ 15912 Meyer Island NZ 26.12.56-
64 II II II BMNH 1896.7 Kermadec Islands NZ Pre.1896-
65 Puffihus ass. haurakiensis NMNZ 20985 Poor Knights Is. NZ 15.01.78-
66 I I I I I I AMNZ 677 Port Ohope NZ 23.12.78-
67 II II II AMNZ 169 Hen Island NZ Dec.1948-
68 Puffinus assimi1is elegans NMNZ 21865 Bo110ns Island NZ Nov.1978-
69 II II II NMNZ 22082 Bollons Island NZ NOV.1978-
70 II I I II NMNZ 15621 Little Mangere I NZ 03.09.68-
71 I t II II Br4NH 1931.9 Gough Island ATl 
72 Puffinus assimi1is baroli BMNH 1895.7 Gt. Salvage Is. ATl 28.04.95 F 
73 Puffinus assimi1is assimi1is NMNZ 520 Norfolk Island AUS 27.11.44 -
74 Puffinus assimi1is tunneyi BMNH 53.15 Western coast AUS 11.11.52 F 
no. sp. C2 
1 25 89.5 
2 24 86.6 
3 23 94.0 
4 23 99.4 
5 23 100.7 
6 22 73.1 
7 22 78.6 
8 22 80.8 
9 21 78.1 
10 21 75.6 
11 21 81.3 
12 20 77.6 
13 20 84.5 
14 20 78.7 
15 19 84.9 
16 18 90.4 
17 18 85.0 
18 18 86.7 
19 17 70.1 
20 17 70.6 
21 17 68.0 
22 16 80.9 
23 16 79.0 
24 16 84.0 
25 15 58.2 
26 15 59.1 
27 15 62.8 
28 14 70.4 
29 14 73.8 
30 13 67.8 
31 13 68.3 
32 12 66.4 
33 12 66.1 
34 12 65.8 
35 12 66.3 
36 12 64.4 
37 11 60.7 
38 11 65.8 
39 11 60.7 
40 11 64.1 
41 11 61.0 
42 10 71.6 
43 10 69.3 
44 10 72.8 
45 10 65.2 
46 10 71.0 
47 9 73.4 
448 9 72.8 9 9 72.6 
50 9 69.9 
51 9 71.3 
52 8 63.2 
53 8 63.9 
54 8 65.3 
55 8 62.9 
56 8 62.9 
57 7 62.6 
58 7 61.0 
59 7 * 
60 7 * 
61 7 * 
62 6 52.4 
63 6 54.5 
64 6 51.7 
65 5 54.0 
66 5 54.1 
67 5 53.2 
68 4 53.5 
69 4 57.2 
70 4 53.0 
71 4 52.2 
72 3 51.6 
73 2 50.4 
74 1 49.4 
C3 C4 C5 
107.5 32.0 34.3 
103.9 31.1 31.5 
106.0 25.5 40.9 
112.8 27.1 45.8 
113.2 27.5 43.4 
84.8 23.0 29.5 
91.5 24.5 32.2 
91.2 24.3 33.2 
89.2 24.1 31.3 
87.5 23.8 31.1 
93.5 24.1 32.4 
90.9 26.1 30.0 
96.5 26.4 31.8 
90.8 27.2 28.7 
97.4 26.3 31.5 
100.5 26.5 35.0 
96.1 27.5 32.7 
98.8 26.9 34.4 
84.1 24.2 24.2 
83.9 25.6 22.7 
80.1 24.8 21.8 
93.8 27.5 30.6 
92.1 25.4 28.7 
95.626.930.1 
69.6 21.7 20.6 
70.2 22.2 21.9 
74.0 22.6 23.5 
81.6 22.9 26.6 
84.1 21.8 28.6 
* 22.6 25.2 
78.9 . 23~O 24.9 
77.0 * 22.7 
76.1 21.7 22.1 
76.3 23.9 23.4 
76.4 21.2 23.0 
76.4 23.1 23.1 
71.6 22.5 22.5 
77.5 21.8 23.9 
71.8 22.2 22.2 
74.9 22.8 23.4 
72.9 22.6 21.7 
82.7 23.1 27.4 
79.3 22.3 26.2 
83.5 22.3 28.7 
74.6 21.9 24.6 
81.3 22.4 27.1 
82.6 22.8 30.0 
83.7 22.5 29.8 
82.2 22.5 29.8 
79.9 22.4 28.1 
82.8 22.5 29.5 
75.0 22.3 24.1 
75.8 21.8 22.8 
77.4 22.3 24.6 
74.3 21.4 22.1 
74.4 22.3 23.5 
73.0 21.5 21.7 
* 21.0 * 
* 21.5 21.3 
* 20.4 20.0 
72.1 21.0 21.2 
63.7 21.7 17.1 
64.5 22.1 16.8 
63.3 21.8 16.6 
64.0 20.0 16.5 
64.7 20.4 17.5 
64.0 * 16.8 
65.4 22.3 16.1 
67.5 23.3 16.8 
65.2 22.5 15.5 
64.1 21.2 15.5 
62.1 20.7 17.0 
60.4 19.5 15.5 
58.5 20.1 15.6 
147. 
C6 C7 C8 C9 ClO Cll C12 
3.5 5.4 
2.3 6.7 
1.7 2.9 
1.3 4.0 
1.1 3.8 
2.8 3.4 
1.0 3.3 
2.3 3.2 
1.0 3.7 
0.8 4.3 
0.5 4.1 
1.9 3.3 
1.7 4.4 
2.8 3.4 
1.5 3.0 
0.5 4.6 
2.2 4.7 
2.5 4.6 
1.1 2.5 
2.6 3.8 
3.3 3.1 
1.3 4.6 
1.3 4.6 
1.2 4.4 
5.4 2.2 
3.8 2.5 
3.4 2.9 
2.4 2.6 
1.3 ·3.1 
* 2.7 
* 2.9 
2.7 2.3 
4.3 2.0 
3.3 3.1 
4.0 2.5 
4.2 2.5 
2.0 2.1 
3.2 2.4 
4.0 2.2 
3.1 2.3 
3.8 2.3 
1.6 2.7 
2.5 2.1 
3.3 3.1 
1.4 2.4 
1.9 2.9 
2.3 3.1 
* 2.7 
3.2 2.8 
3.0 2.9 
4.1 2.6 
3.0 2.7 
2.3 2.3 
4.5 3.4 
2.7 2.8 
2.3 3.3 
2.7 3.0 
2.6 2.9 
* 2.8 
3.6 2.3 
* * 5.8 1.8 
5.6 1.6 
4.5 1.9 
4~0 1.7 
* 1.7 4.0 1.7 
6.1 2.5 
5.0 2.8 
4.1 1.8 
4.1 2.2 
4.4 1.8 
5.4 1.2 
4.9 1.5 
45.3 32.0 40.2 49.8 
41.4 35.2 37.0 49.1 
31.0 28.0 36.0 47.2 
31.7 31.0 37.6 49.5 
34.1 30.5 40.0 52.1 
29.1 23.2 29.9 38.6 
28.6 25.0 30.4 40.5 
29.5 26.1 32.3 41.4 
27.0 23.5 27.9 35.4 
28.1 22.6 29.4 37.3 
28.1 22.3 28.1 37.3 
33.0 26.3 32.8 43.5 
31.9 27.0 31.7 43.9 
30.7 25.3 33.3 42.7 
34.4 29.0 35.0 46.4 
36.9 26.5 39.0 45.5 
32.7 29.5 33.3 42.9 
30.2 29.0 33.8 42.7 
30.7 29.5 32.9 47.0 
35.5 28.3 33.0 46.1 
30.2 29.5 32.0 46.3 
35.1 31.0 39.6 54.8 
35.2 31.1 36.5 53.3 
32.5 31.2 37.2 51.9 
25.5 23.7 27.8 42.7 
25.0 25.1 26.9 43.4 
26.1 26.3 29.0 45.3 
25.4 26.0 27.1 45.4 
26.5 26.3 28.0 45.9 
* 27.7 26.6 45.1 
25.6 25.8 26.1 43.4 
26.6 29.2 30.5 52.7 
25.2 29.9 31.0 53.9 
26.2 29.6 30.1 51.0 
25.0' 29.1 30.0 51.0 
26.4 30.8 27.4 50.9 
24.7 26.3 26.2 43.8 
25.3 28.3 26.3 47.0 
23.7 25.9 26.0 44.9 
24.0 26.7 25.9 44.8 
24.0 27.2 27.0 46.3 
26.8 23.2 28.0 41.8 
27.9 24.0 28.9 44.4 
26.3 24.3 26.7 42.4 
26.7 25.0 25.9 41.1 
27.4 25.1 28.9 44.4 
21.6 21.5 25.8 43.6 
25.6 26.6 26.9 44.6 
26.5 25.0 26.0 42.7 
24.6 24.4 24.5 40.7 
26.5 26.5 26.6 44.4 
24.5 22.8 26.5 40.0 
24.5 23.9 26.6 42.8 
24.4 22.0 24.0 38.5 
24.7 23.2 24.7 38.9 
24.7 22.8 24.4 38.6 
24.5 * 26.9 * 
* 21.9 * * 
25.1 22.2 24.3 37.8 
23.9 21.0 24.0 36.8 
* * * * 
21.1 17.9 18.1 28.3 
21.7 17.9 21.5 29.6 
23.1 18.4 19.3 29.2 
21.8 19.1 21.7 33.5 
21.8 20.0 19.7 33.5 
21.7 20.3 20,8 33.3 
22.3 20.7 22.8 34.5 
22.5 20.0 20.8 32.6 
22.6 19.9 20.6 33.1 
23.4 20.2 20.0 31.5 
19.9 17.7 19.5 30.6 
* 17.5 * * 
20.0 17.3 16.7 26.1 
39.5 
35.7 
32.5 
32.8 
35.7 
26.3 
28.2 
29.0 
27.5 
27.2 
28.7 
31.7 
31.7 
30.8 
32.3 
32.6 
31.3 
31.0 
29.6 
29.9 
29.8 
34.5 
33.9 
33.4 
26.1 
26.0 
27.1 
28.5 
29.0 
28.0 
28.9 
30.5 
31.7 
29.9 
30.5 
31.0 
27.4 
28.4 
27.7 
28.2 
27.0 
29.2 
29.4 
28.2 
27.9 
27.9 
27.7 
28.9 
29.0 
27.3 
28.8 
26.6 
27.3 
26.8 
25.9 
26.7 
25.8 
27.7 
* 
* 25.4 
20.8 
21.5 
21.0 
22.1 
22.8 
22.9 
23.1 
23.5 
22.5 
22.4 
20.6 
19.9 
20.2 
,-' 
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no. C13 C14 C15 C16 C17 C18 C19 C2D C21 C22 C23 C24 
1 60..5, 149.5 6.0. 7.3 146.8 149.6 70..3 49.5 92.8 15.8 61.9 30..7 
2 57.4 134.9 5.7 8.3 130..2 133.9 64.0. 51.1 95.0. 15.6 63.8 29.9 " .• ,0: .... ,'-
3 52.2 127.9 4.8 5.9 123.9 126.5 61.7 42.8 79.8 8.8 54.6 29.3 -:.>:,~~;~>-~' .. :." •. -.. -;--~ -':. 
4 55.7 130..5 4.5 6.3 127.7 130..4 64.2 43.3 81.3 9.8 55.4 28.2 ;~:i~ i~:l ~~: ~:~~;j; ~~~ :~;.~~~ ~ 
5 55.0. 133.3 5.1 6.9 130..2 133.6 65.5 47.7 83.3 9.3 57.5 31.0. '-:<-:->":,<->:-:-: ', ...... .:~;<- " 
6 42.0. 10.3.1 3.9 5.3 10.2.7 10.5.5 52.2 34.3 69.0. 10..4 48.2 25.4 
7 43.1 10.8.9 4.2 5.4 107.2 110..4 54.4 37.5 74.1 11.4 53.1 27.3 
8 42.8 110..9 4.2 5.8 113.2 116.4 57.2 36.4 76.6 12.3 54.0. 27.3 
9 42.7 99.2 3.7 4.7 97.6 100..1 51.7 35.3 72.2 10..2 49.9 25.5 
10 41.5 99.8 3.8 5.0. 97.4 10.0..3 50..7 35.2 73.8 11.6 50..6 24.9 
11 44.5 10.1.3 4.0. 5.2 99.2 10.1.6 51.9 38.0. 73.0. 10..4 51.4 24.4 
12 49.5 108.3 4.5 5.8 10.4.3 107.5 57.4 38.1 74.3 12.5 53.6 27.7 
13 50.5 112.5 4.4 5.9 110..1 113.5 59.1 39.4 78.3 13.5 55.3 28.2 
14 47.6 111.4 4.4 5.9 10.7.7 111~0 56.7 38.2 76.4 14.1 52.4 27.8 
15 50.8 116.4 4.5 5.9 * 113.5 59.8 42.5 81.2 14.5 55.7 28.9 16 51.6 120.5 4.4 6.3 114.0 117.7 61.9 41.5 89.0 15.8 59.8 30.8 
17 45.5 116.5 4.4 6.5 111.6 115.5 60.6 40..5 83.5 17.0 56.3 29.5 
18 50.7 * * * * * * 40.5 83.3 17.3 56.1 28.5 19 48.4 101.4 3.5 6.3 93.5 97.0. 51.9 36.5 79.5 18.3 52.9 24.4 
20. 47.3 99.9 3.8 6.1 90..2 93.2 51.4 36.3 75.6 16.5 51.0. 23.7 
21 48.3 95.9 3.6 6.3 89.2 92.1 50..9 35.4 73.3 16.8 49.5 23.2 
22 54.7 110..0. 4.0. 7.5 99.4 10.3.0. 57.4 39.2 87.4 20..7 58.3 26.0. 
23 54.2 10.8.6 4.0. 6.9 99.9 10.3.0. 56.5 38.8 84.0. 21.6 56.2 25.6 
24 53.9 10.8.2 4.0. 7.5 99.2 103.8 57.9 40..5 84.8 21.4 56.5 26.2 
25 37.9 78.0. 3.1 5.6 74.2 77.1 43.0. 27.4 57.2 13.5 42.9 20..1 
26 42.2 81.9 3.1 5.6 76.7 80..0. 45.6 27.8 58.7 13.1 43.3 21.1 
27 41.7 83.4 3.1 5.6 78.0. 81.4 46.5 29.0. 61.3 14.0. 45.0. 21.5 
28 44.1 78.3 2.7 5.8 68.6 70..6 42.9 30..0. 64.6 13.9 48.0. 20..7 
29 41.8 75.5 2.7 5.7 66.4 69.0. 42.2 31.1 64.8 13.1 46.8 19.9 
30. 43.4 82.1 2.9 5.8 71.6 74.7 43.9 30..4 64.5 13.8 44.9 20..5 
31 41.6 80..7 3.0 5.7 ' 69.9 , 72.8 43.3 30..0. 65.9 * 45.8 20..8 32 41.7 79.0. 3.2 5.7 71.6 74.9 43.3 28.8 64.0. 16.0. 44.8 20..7 
33 44.2 79.7 3.1 6.0. 73.3 76.5 44.8 29.5 64.4 16.5 47.5 22.1 
34 42.3 79.4 3.1 6.1 70..9 73.8 42.7 28.9 64.0. 15.9 45.9 21.2 
35 43.9 80..6 2.9 5.6 73.9 77.2 44.9 '28.5 65.0. 15.8 46.9 21.2 
36 43.8 80..7 3.0. 5.7 74.0. 76.8 45.2 30..5 65.7 15.1 47.6 21.2 
37 40..6 77.1 2.7 5.3 70..8 73.6 42.5 28.1 60..5 14.0. 44.6 20..2 
38 42.1 76.7 ' 2.9 5.7 71.0. 73.7 42.9 27.9 61.6 14.9 43.9 21.8 
39 38.6 73.4 2.6 5.3 66.8 69.6 41.4 27.2 59.3 15.1 44.0. 19.5 
40. 40..0. 76.4 2.7 5.3 69.0. 71.5 42.5 29.0. 61.1 15.0. 44.9 20..1 
41 40..1 74.9 2.7 5.4 70..1 72.7 42.6 28.8 60..3 15.1 45.3 20..9 -:.1...-=-'""-
42 45.0. 85.1 2.9 5.2 73.5 76.7 46.6 33.7 65.8 13.2 45.7 20..8 
43 44.8 84.4 3.2 5.8 74.5 77.5 46.3 32.1 64.5 12.7 46.3 20..8 
44 43.9 80..5 3.2 5.6 70. .1 73.0. 42.9 31.5 62.0. 12.8 44.3 20..2 
45 41.0. 81.8 2.9 5.5 71.6 74.6 43.0. 32.0. 64.2 12.9 44.3 19.7 
46 43.4 81.3 3.1 5.7 70..7 73.5 43.5 31.3 64.5 13.6 45.8 20..3 
47 43.0. 76.5 2.7 5.3 65.1 67.9 40..9 29.8 60..5 13.7 43.0. 19.0. 
48 44.0. 75.8 3.0. 5.4 66.6 68.2 40..9 29.8 59.6 14.1 44.3 19.2 
49 42.8 76.6 2.9 5.2 64.8 67.0. 39.8 30..0. 60..9 13.3 41.7 19.2 
50. 41.5 76.3 2.8 5.5 64.5 67.4 41.4 30.0. 60..3 13.7 43.7 19.4 
51 42.0. 77.4 2.9 5.6 67.5 69.9 42.1 29.3 61.5 14.1 44.5 20..7 
52 39.2 71.5 2.7 5.1 59.5 61.9 37.6 29.1 58.6 12.7 41.9 18.7 
53 42.1 71.0. 2.3 5.0. 59.5 61.9 38.4 29.2 59.6 14.7 42.2 18.1 
54 42.3 71.3 2.9 5.3 59.3 62.3 37.6 29.6 58.9 13.3 43.0. 19.2 
55 40..3 73.1 2.6 5.0. 60..8 63.4 38.4 29.4 59.2 12.8 42.6 18.1 
56 40..7 72.3 2.9 5.7 61.2 63.9 37.1 28.8 58.5 14.1 40..9 17.5 
57 39.2 69.6 2.7 4.8 57.9 60..5 36.2'27.3 55.9 13.1 38.3 17.2 
58 * 69.8 2.8 5.1 56.8 59.7 35.6 29.2 58.2 12.5 38.9 17.0. 59 * 68.4 3.2 5.7 57.4 60..0. 34.8 28.6 56.9 * * * 60. * 67.7 2.7 5.0. 56.5 57.2 33.9 28.3 55.6 12.4 37.7 * 61 * 68.7 * * 56.7 60..9 35.0. 27.4 55.7 11.5 38.0. 17.0. 62 32.0. 59.1 2.3 3.9 '50.5 52.5 30..7 23.6 53.5 10.3 38.1 17.1 
..: _..c _-:.- :":-L';':' ,~.:... 
63 31.3 61.5 2.3 3.9 53.4 55.8 33.5 24.3 55.7 10..2 39.4 17.2 
64 30.8 59.0. 2.2 4.0. 50..6 52.9 31.6 24.3 52.4 10.8 37.6 17.4 
65 31.5 58.7 2.4 4.0. 50..1 52.3 32.8 24.6 56.1 12.1 39.0. 18.0. 
66 33.1 61.5 2.5 4.3 52.2 55.2 32.8 25.5 56.5 11.8 40..0. 18.6 
67 34.2 61.1 2.3 4.2 52.9 55.2 33.4 26.2 56.8 11.1 39.5 18.5 
68 34.7 64.6 2.6 4.3 54.1 56.4 33.9' 26.4 58.2 * 41.3 18.0. 69 36.8 65.4 2.6 4.7 55.3 57.9 34.9 27.3 59.4 13.3 41.0. 19.7 
70. 36.4 63.0. 2.6 4.5 52.1 54.2 32.4 25.1 56.5 12.6 40..1 18.5 
71 35.9 62.6 2.5 4.2 51.8 * * 26.4 56.6 11.8 * * 7Z 31.4 57.2 2.2 3.7 50..5 52.5 30..6 23.1 49.3 10.1 35.5 17 .5 73 29.5 57.5 2.1 3.4 50..0. 51.9 30..3 23.2 50..7 10.6 35.8 16.1 74 31.5 56.9 2.1 3.4 49.5 52.1 30..8 21.9 50..3 9.7 35.3 16.9 
: .,~." 
.-- - -
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